
ABSTRACT: The effect of dietary TAG structure and fatty acid
acyl TAG position on palmitic and linoleic acid metabolism was
investigated in four middle-aged male subjects. The study design
consisted of feeding diets containing 61 g/d of native lard (NL) or
randomized lard (RL) for 28 d. Subjects then received an oral dose
of either 1,3-tetradeuteriopalmitoyl-2-dideuteriolinoleoyl-rac-glyc-
erol or a mixture of 1,3-dideuteriolinoleoyl-2-tetradeuteriopalmi-
toyl-rac-glycerol and 1,3-hexadeuteriopalmitoyl-2-tetradeuteriolin-
oleoyl-rac-glycerol. Methyl esters of plasma lipids isolated from
blood samples drawn over a 2-d period were analyzed by GC–MS.
Results showed that absorption of the 2H-fatty acids (2H-FA) was
not influenced by TAG position. The 2H-FA at the 2-acyl TAG po-
sition were 85 ± 4.6% retained after absorption. Substantial migra-
tion of 2H-16:0 (31.2 ± 8.6%) from the sn-2 TAG position to the
sn-1,3 position and 2H-18:2n-6 (52.8 ± 6.4%) from the sn-1,3 po-
sition to the sn-2 position of chylomicron TAG occurred after ini-
tial absorption and indicates the presence of a previously unrecog-
nized isomerization mechanism. Incorporation and turnover of the
2H-FA in chylomicron TAG, plasma TAG, and plasma cholesterol
esters were not influenced by TAG acyl position. Accretion of 2H-
16:0 from the sn-2 TAG position in 1-acylphosphatidylcholine was
1.7 times higher than 2H-16:0 from the sn-1,3 TAG positions. Acyl
TAG position did not influence 2H-18:2n-6 incorporation in PC.
The concentration of 2H-18:2n-6-derived 2H-20:4n-6 in plasma PC
from subjects fed the RL diet was 1.5 times higher than for subjects
fed the NL diet, and this result suggests that diets containing 16:0
located at the sn-2 TAG position may inhibit 20:4n-6 synthesis. The
overall conclusion is that selective rearrangement of chylomicron
TAG structures diminishes but does not totally eliminate the meta-
bolic and physiological effects of dietary TAG structure.
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A long-standing question has been whether the sn-1, sn-2, and
sn-3 positions of TAG influence the physiological and meta-
bolic properties of dietary fatty acids (FA). Animal and human
studies indicate that 75–80% of the FA in the sn-2 TAG posi-
tion of dietary fats are retained during absorption and incorpo-
ration into chylomicron TAG (1–4). This positional stereo-

specificity is subsequently lost during chylomicron TAG
clearance and incorporation into lipoprotein TAG. However,
the various hydrolysis and reacylation reactions responsible for
chylomicron TAG clearance and plasma TAG synthesis are
nonrandom (5), and stereospecific TAG structures are produced
that contain mainly saturated FA at the sn-1,3 positions and un-
saturated FA at the sn-2 TAG position (4–9). This TAG restruc-
turing process is complex, and the relative contribution and
specificity in vivo of the lipoprotein and hepatic lipase enzymes
involved have not been well-characterized. 

A number of studies have investigated the effect of fatty
acid position on lipoprotein and serum cholesterol concentra-
tions. Results from recent human (10–14) and animal (15–18)
studies show that differences between the fatty acid acyl posi-
tion distribution in native and randomized dietary fats do not
influence lipoprotein and serum cholesterol concentrations. A
few studies have used specific dietary TAG structures, such as
1,3-dioleoyl-2-palmitoylglycerol, 1-palmitoyl-2,3-dioleoyl-
glycerol, 1,3-dioleoyl-2-stearoylglycerol, and 1-stearoyl-2,3-
dioleoylglycerol, to compare the influence of the sn-1,3 and
sn-2 positions on fatty acid metabolism (3,19,20). The authors
of these studies concluded that the sn-1,3 and sn-2 locations of
FA on the glycerin backbone did not affect their metabolism. 

However, dietary TAG structure has been linked to various
physiological and biological effects. For example, rabbit stud-
ies have shown that increasing the saturated fatty acid content
at the sn-2 acyl position of dietary fats increased arterial lesion
formation (21,22). In rats, FA located at the sn-2 position were
reported to be the primary source of desaturated and elongated
fatty acid metabolites, and interesterified (randomized) lard
diets containing less 16:0 in the sn-2 position produced lower
TAG levels than native lard (NL) diets (23). Palmitic acid ab-
sorption by young animals (20,24,25) and infants (26,27) is
higher when 16:0 is located at the sn-2 TAG position than at
the sn-1,3 position. Plasma TAG clearance is reported to be
slower in both animals and humans when dietary fats contain
saturated FA at the sn-2 TAG position (4,28–31). These and
other related studies are summarized and discussed in various
reviews (32–34). 

In this isotope tracer study, we used TAG containing 2H-
16:0 and 2H-18:2n-6 at the regiospecific sn-1,3 and sn-2 acyl
positions to investigate the metabolic effect of acyl position in
human subjects that had been prefed diets containing either NL
or randomized lard (RL). Lard diets were chosen because about
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65% of the 16:0 in food-grade lard (NL) is located at the sn-2
TAG position vs. 33% in RL. The objectives of this human study
were threefold: (i) to determine whether the location of FA at the
sn-1,3 and sn-2 positions influenced their incorporation and
turnover in plasma lipid classes; (ii) to investigate the effect of
fatty acid position on chain-shortening, elongation, and desatu-
ration; and (iii) to address the question of whether diets enriched
with 16:0 at the sn-2 TAG position (NL) influence 16:0 and
18:2n-6 metabolism. 

EXPERIMENTAL PROCEDURES

Study design. Four male Caucasian subjects who had partici-
pated in an NL vs. RL diet study (14) volunteered for this sta-
ble isotope study. Two subjects were from the NL group, and
two were from the RL group. Each subject had consumed diets
containing 61 g/d (25% of total energy) of either NL or RL for
28 d. The composition of the diets and the fatty acid distribution
at the sn-1,3 and sn-2 TAG positions of the NL and RL are sum-
marized in Table 1. Physical examinations and clinical blood
profile data indicated that all subjects were in good health. Med-
ical histories indicated no evidence of congenital ailments. The
fatty acid composition of the NL and RL and the physical char-
acteristics and plasma lipid profiles for the subjects are sum-
marized in Table 2. The plasma lipid data listed are for blood
samples drawn at the end of the 28-d diet period. Complete in-
formation on the study design, diet compositions, and other
details has been described previously (14). Institutional approval
was obtained for the study protocol from the Institutional Re-
view Board for research involving the use of human subjects at
Illinois State University (Normal, IL). All subjects signed writ-
ten consent forms before the onset of the study.

Deuterated FA and TAG. Deuterium-labeled methyl cis-
9,cis-12-octadecadienoate-12,13-d2 (9c,12c-18:2-d2), methyl
cis-9,cis-12-octadecadienoate-15,15,16,16-d4 (9c,12c-18:2-
d4), methyl hexadecanoate-13,13,14,14-d4 (16:0-d4), and
methyl hexadecanoate-12,12,13,13,15,16-d6 (16:0-d6) were
synthesized by using general procedures described previously
(35). Reported procedures (36,37) were used to synthesize and

purify 1,3-tetradeuteriopalmitoyl-2-dideuteriolinoleoyl-rac-glyc-
erol (P4L2P4), 1,3-dideuteriolinoleoyl-2-tetradeuteriopalmitoyl-
rac-glycerol (L2P4L2), and 1,3-hexadeuteriopalmitoyl-2-
tetradeuteriolinoleoyl-rac-glycerol (P6L4P6).

Stable isotope study design. A mixture containing P6L4P6
(8.5 g) and L2P4L2 (15.5 g) was blended for 1 min with a
warm (80°C) mixture containing 30 g of glucose, 35 g of su-
crose, and 42 g of calcium-sodium caseinate in 200 mL of dis-
tilled water. After a 12-h overnight fast, each NL diet group
subject was fed an equal portion of the total mixture. The
weight of deuterated FA fed to each NL diet group subject was
2.57 g of 16:0-d6, 2.36 g of 16:0-d4, 4.04 g of 18:2-d2, and 1.35
g of 9c,12c-18:2-d4. Equal portions of a second mixture con-
taining 17 g of P4L2P4, 30 g of glucose, 35 g of sucrose, 42 g
of calcium-sodium caseinate, and 200 mL of distilled water
were fed to each of the two subjects from the RL diet group fol-
lowing a 12-h overnight fast. The weight of deuterated FA fed
to each RL diet group subject was 5.14 g of 16:0-d4 and 2.22 g
of 18:2-d2. All of the above 2H-fatty acid weights were ad-
justed for chemical and isotopic purity. All subjects were fed
the deuterated fat mixture 10 min prior to receiving a no-fat
breakfast at 8:00 AM. A low-fat (ca.15% fat calories) lunch
was provided at 12:00 noon. The normal NL and RL study
diets were provided for the 5:30 PM and subsequent meals. The
amount of labeled fatty acid and TAG fed per kg of body
weight is summarized in Table 3. Different numbers of deu-
terium atoms were used to label the palmitic and linoleic acids
in the TAG mixture (P6L4P6 and L2P4L2) fed to the NL sub-
jects. This multiple-isotope approach allowed identification of
which FA were at the sn-1,3 and sn-2 TAG positions and pro-
vided a direct comparison of their metabolism. 

Blood sampling times, lipid class isolation techniques, and
analytical methods used were similiar to the procedures from a
previous study (38). The positional stereospecificity of chylomi-
cron TAG and NL and RL samples was determined by incubat-
ing the TAG with pancreatic lipase and analyzing of the isolated
2-acylmonoglycerol fraction as described previously (39).

Statistical analysis and calculations. A two-tailed, unpaired
t-test was used to test for significant differences between NL
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TABLE 1
Nutrient Content and Fatty Acid Composition of Lard Diets

Fatty acid TAG position (mol%)
Native and randomized lard diets Native lard Randomized lard

Macronutrients Amount Fatty acid Total sn-1 + -3 sn-2 Total sn-1 + -3 sn-2

Protein (en%) 13 14:0 1.7 1.8 1.6 2.0 2.1 1.8
Total fat (en%) 35 16:0 29.8 16.2 57.1a 31.4 31.9 30.6a

Carbohydrate (en%) 52 16:1 2.6 2.1 3.7 2.3 2.4 2.1
Cholesterol (mg/d) 272 18:0 16.4 20.3 8.5 15.5 15.6 15.2
Saturated fat (g) 38.9b t-18:1 1.9 1.3 3.1 2.4 2.3 2.6
Monounsaturated fat (g) 38.8b c-18:1 38.1 47.2 19.8 37.5 36.9 38.5
Polyunsaturated fat (g) 8.8b 18:2n-6 8.1 9.6 5.1 7.8 7.5 8.3
Lard (g) 60.7 18:3n-3 0.3 0.3 0.3 0.3 0.3 0.2
Lard (% of total fat) 71 20:1 0.6 0.7 0.4 0.5 0.5 0.5
Total energy (kcal/d) 2224 Other 0.5 0.6 0.4 0.4 0.4 0.3
aPercentage of 16:0 at the sn-2 triacylglycerol (TAG) position in native lard and randomized lard is 64 and 33%, respec-
tively. 
bBased on analysis of duplicate diet composites.



and RL diet group data for the same fatty acid. A two-tailed,
paired t-test was used to test for significant differences between
data for different 2H-FA and for labeled FA located at different
sn TAG positions (40). The concentration data (µg/mL) for the
deuterated FA and their metabolites were normalized and area-
under-curve (AUC) data calculated from time-course plots as de-
scribed previously (41)

RESULTS

Absorption. The time-course curves for labeled 16:0 and 18:2n-6
incorporation into chylomicron TAG from subjects fed the NL
and RL diets are shown in Figure 1. These curves provide a
comparison of the relative absorption and clearance of the
labeled FA in the sn-1,3 and sn-2 TAG positions. The curves
for incorporation of labeled FA from the sn-1,3 and sn-2 TAG
positions are essentially identical and show that TAG acyl po-
sition has no effect on 16:0 and 18:2n-6 absorption. The con-
centration of the 2H-fatty acid at maximal incorporation (4 h)
was about 25% lower for the subjects fed the RL diet than for
the NL diet subjects; this observation suggests the RL diet
facilitates TAG clearance. 

The 2H-16:0 and 2H-18:2n-6 content of the chylomicron 2-
acyl TAG position is plotted as the percentage of total 2H-fatty
acid in Figure 2 (data are normalized to 100% to facilitate com-

parison). The 4-h chylomicron data for both the NL and RL
subjects show that 80–90% of the FA at the sn-2 TAG position
is initially incorporated into the 2-acyl position of chylomicron
TAG. The 6- and 8-h data for the NL subjects show that
31.2 ± 8.6% of the 2H-16:0 incorporated at the sn-2 TAG posi-
tion migrated to the sn-1 position and that 52.8 ± 6.4% of the
2H-18:2n-6 incorporated at the sn-1 position migrated to the
sn-2 TAG position. In contrast, 2H-16:0 incorporated at the sn-1
and 2H-18:2n-6 incorporated at the sn-2 positions of chylomi-
cron TAG did not migrate and the percentages remained con-
stant. The change in percentages was not due to preferential
removal of sn-2 2H-FA. Relative percentage for the 2H-FA in
chylomicron total TAG did not change with time.

Plasma lipid class results. The time-course curves for
incorporation of the 2H-fatty acid in plasma TAG, cholesterol
ester (CE), and phosphatidylcholine (PC) are shown in Fig-
ures 3, 4, and 5, respectively. Comparison of the plasma lipid
class results for the NL and RL diet subjects suggests that the
NL and RL diets did not alter the incorporation and clearance
of the 2H-FA. The plasma TAG curves in Figure 3 for 2H-16:0
and 2H-18:2n-6 from the sn-1 and sn-2 TAG positions are sim-
ilar except for a small difference in concentration of 2H-18:2
that was in the sn-1,3 TAG position (NL diet group). The
plasma CE curves in Figure 4 for the sn-1 and sn-2 2H-18:2n-6
are similar, and the expected strong discrimination against
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TABLE 2
Physical Characteristics and Plasma Lipid Profiles of Subjects

Plasma lipids
Subjecta Age Body wt BMIc TAG Cholesterol
(number) (yr) Dietb (kg) (kg/m2) (mg/dL)d (mg/dL)e mg/dL)d (mg/dL)e

1 35 NL 72.6 25.2 188 129 205 171
2 49 NL 99.9 23.1 155 139 268 233
3 50 RL 96.3 24.3 114 78 225 186
4 52 RL 85.8 26.3 192 173 229 234

aMales, nonsmokers, normal hypertensive. 
bNL, native lard diet; RL, randomized lard diet.
cBMI, body mass index. 
dFasting plasma lipid concentrations at start of 28-d diet period.
eFasting plasma lipid concentrations at end of 28-d diet period. See Table 1 for other abbreviation.

TABLE 3
Deuterated Fats Fed

Diet groups and subject number 
Native lard Randomized lard

Deuterated fats fed Subject 1 Subject 2 Subject 3 Subject 4
2H-fatty acid (mg/kg body wt)
16:0-13,13,14,14-d4 (P4) 32.53 23.66 53.45 59.95
16:0-12,12,13,13,15,16-d6 (P6) 35.41 25.75
18:2-12,13-d2 (L2) 55.63 40.46 23.02 25.83
18:2-15,15,16,16-d4 (L4) 18.54 13.48

TAGa

L2P4L2 88.16 64.12
P6L4P6 53.95 39.23
P4L2P4 76.47 85.78

aL2P4L2, 1,3-dideuteriolinoleoyl-2-tetradeuteriopalmitoyl-rac-glycerol; P6L4P6, 1,3-hexadeuteriopalmitoyl-2-
tetradeuteriolinoleoyl-rac-glycerol; P4L2P4, 1,3-tetradeuteriopalmitoyl-2-dideuteriolinoleoyl-rac-glycerol.



incorporation of 2H-16:0 is nearly identical for 2H-16:0 fed as
sn-1,3 and sn-2 TAG. The plasma PC data in Figure 5 show
that neither the sn positions of the FA nor dietary treatment in-
fluenced the ca. twofold preferential incorporation of 18:2n-6
relative to 16:0. Overall, the time-course curves for the plasma
lipid classes show that the TAG acyl position had little influ-
ence on accretion or turnover of 2H-16:0 or 2H-18:2n-6

The total AUC data for the plasma TAG, CE, and PC time-
courses (Figs. 3–5) are tabulated in Table 4. The AUC data
represent a weighted average for the 2H-16:0 and 2H-18:2n-6
concentration data in samples collected at the seven time-
points. AUC concentration data are included also for 1-acyl and
2-acyl PC (PC-1 and PC-2). Neither the dietary treatment nor

the sn position of the 2H-fatty acid significantly influenced the
accretion of 16:0 and 18:2n-6 in plasma TAG and CE. How-
ever, the AUC data for 2H-16:0 in PC-1 were 40.5% lower (P
< 0.09) for the RL diet group than the NL diet group data. For
the NL diet group, the 2H-16:0 (sn-2) concentration in PC-1
was 24.5% lower (P < 0.09) than for 2H-16:0 (sn-1,3). These
results suggest that the NL diet structure enhanced 16:0 incor-
poration in PC-1 but not because 16:0 at the sn-2 acyl position
is preferentially incorporated relative to sn-1,3 16:0. In con-
trast, the concentrations of 2H-18:2n-6 in PC-2 and PC were
not influenced by sn acyl position or by dietary treatment; these
results show that sn acyl position did not significantly influence
accretion of 2H-18:2n-6 in PC. 
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FIG. 1. Time-course plots for incorporation of deuterium-labeled 16:0 and 18:2n-6 in total chy-
lomicron of subjects fed native (NL) and randomized lard (RL) diets. NL subjects were fed a mix-
ture of (P6L4P6 + L2P4L2). RL subjects were fed a single deuterium-labeled triacylglycerol (TAG)
(P4L2P4). Each data point is the average for data from two subjects. Error bars equal SE. Error
bars are not shown when less than the size of the symbol. Data are plotted as micrograms of 2H-
fatty acid/mg of total chylomicron TAG/mg of 2H-fatty acid fed. P4L2P4, 1,3-tetradeuteriopalmi-
toyl-2-dideuteriolinoleoyl-rac-glycerol; L2P4L2, 1,3-dideuteriolinoleoyl-2-tetradeuteriopalmi-
toyl-rac-glycerol; P6L4P6, 1,3-hexadeuteriopalmitoyl-2-tetradeuteriolinoleoyl-rac-glycerol.

FIG. 2. Time-course plots for incorporation of deuterium-labeled 16:0 and 18:2n-6 in the sn-2
position of chylomicron TAG of subjects fed NL and RL diets. Each data point is the average
for data from two subjects. NL subjects were fed a mixture of (P6L4P6 + L2P4L2). RL subjects
were fed a single deuterium-labeled TAG (P4L2P4). Error bars equal SE. Error bars are not
shown when less than the size of the symbol. For abbreviations, see Figure 1.



Metabolites. Concentrations for the major metabolites (2H-
16:1, 2H-18:0, 2H-20:3n-6, and 2H-20:4n-6) of 2H-16:0 and
2H-18:2n-6 in plasma TAG, CE, and PC are summarized in
Table 5. These metabolite data are a measure of the effect of
the sn-1 vs. sn-2 TAG position and of the NL vs. RL diet treat-
ment on desaturation and elongation of 16:0 and 18:2n-6. Nei-
ther the sn acyl position of 2H-16:0 and 2H-18:2n-6 nor diet in-
fluenced accretion of fatty acid metabolites in plasma TAG and
CE. In plasma PC, the concentration of the 2H-16:1 metabolite
from sn-1,3 2H-16:0 was 2.8 times higher (P < 0.03) than 2H-
16:1 from sn-2 2H-16:0. 2H-16:1 accretion in PC samples from
the NL diet subjects was four times higher (P < 0.03) than for
the RL diet subjects. The concentration of 2H-20:4n-6 in
plasma PC from subjects fed the RL diet was 2.6 times higher
(P < 0.1) than for the NL subjects. No other sn-1,3 vs. sn-2 and
NL vs. RL comparisons of data in Table 5 are significant at P <
0.1. For total plasma, the average percent conversion for all
subjects was 2.6 ± 1.0% for 16:0 to 16:1 and 3.5 ± 1.2% for
16:0 to 18:0.

Total plasma lipid AUC concentration data are plotted in
Figure 6 for 2H-20:3n-6 and 2H-20:4n-6 metabolites and re-
flect the total amount of these metabolites synthesized from

2H-18:2n-6. The average percent conversion of 18:2n-6 to
20:4n-6 for all subjects was 11.7 ± 4.9%. The NL subject data
for 2H-20:4n-6 synthesized from sn-1,3 and sn-2 2H-18:2n-6
are not significantly different and show that the sn TAG posi-
tion of the 2H-18:2n-6 precursor does not have a large effect on
n-6 metabolite synthesis. In contrast, the 2H-20:4n-6 synthe-
sized from sn-2 2H-18:2n-6 data in Figure 6 [2H-20:4n-6
(sn-2)] for the RL diet subjects is 2.36 times higher (P < 0.09)
than the NL diet group data. The 2H-20:3n-6 (sn-2) RL subject
data are also about two times higher than the NL subject 20:3n-6
(sn-2) data. These differences suggest that the NL diet inhib-
ited the synthesis of n-6 metabolites from 18:2n-6. 

DISCUSSION 

The multiple-isotope tracer methodology used in this study
provides a more accurate comparison of fatty acid incorpora-
tion and metabolite synthesis than a single-isotope tracer de-
sign because all the 2H-FA in the mixture fed to a subject are
influenced equally by the same metabolic variables. Thus, the
sn-1,3 vs. sn-2 position comparisons are highly accurate for

TRIACYLGLYCEROL METABOLISM IN HUMANS 5

Lipids, Vol. 39, no. 1 (2004)

FIG. 3. Time-course plots for incorporation of deuterium-labeled 16:0 and
18:2n-6 in plasma TAG of subjects fed NL and RL diets. NL subjects were
fed a mixture of (P6L4P6 + L2P4L2). RL subjects were fed a single deu-
terium-labeled TAG (P4L2P4). Each data point is the average for data from
two subjects. Error bars equal SE. Error bars are not shown when less than
the size of the symbol. Data are plotted as micrograms of 2H-fatty acid/mg
of total TAG/mg of 2H-fatty acid fed. For abbreviations, see Figure 1.

FIG. 4. Time-course plots for incorporation of deuterium-labeled 16:0
and 18:2n-6 in plasma cholesterol ester (CE) of subjects fed NL and RL
diets. NL subjects were fed a mixture of (P6L4P6 + L2P4L2). RL subjects
were fed a single deuterium-labeled TAG (P4L2P4). Each data point is
the average for data from two subjects. Error bars equal SE. Error bars
are not shown when less than the size of the symbol. Data are plotted
as micrograms of 2H-fatty acid/mg of total CE FA/mg of 2H-fatty acid
fed. For other abbreviations, see Figure 1.



individual subjects, but the small number of subjects studied
limits the conclusions that can be drawn for the NL vs. RL diet
group comparisons because subject variability may mask small
but real differences. 

Absorption and fatty acid migration. The chylomicron total
TAG plots (Fig. 1) show that 2H-16:0 and 2H-18:2n-6 located
at the sn-1,3 and sn-2 positions were equally well absorbed by
these adult male subjects. As expected, the 16:0 results are typ-
ical for adults and contrast with the lower absorption by infants
of 16:0 located at the sn-1,3 position (23–26). The percent total
isotopic enrichment for the 4-h chylomicron TAG samples
from the NL diet subjects was 33.4 ± 1.81% and is consistent
with results from previous studies with deuterium-labeled 18:1
isomers (42). Since a total of 10.3 g of 2H-fat and no unlabeled
fat was present in the meal fed to the NL diet subjects, the en-
richment data indicate that substantial (ca. 30 g) amounts of
unlabeled FA were incorporated into chylomicron TAG during
absorption of the labeled FA. Similar results were observed for
the RL diet subjects. Residual chylomicron TAG is not
responsible for the isotopic dilution observed since the 0 h
(fasting) data show that the total plasma pool contained less
than 0.2 g of residual chylomicron TAG. The amount of unla-
beled FA incorporated into chylomicron TAG during absorp-
tion is not trivial and undoubtedly compromises results from
studies that use unlabeled fats to investigate TAG absorption
and the metabolic effect of TAG structure. 

The source of the unlabeled FA remains unclear. Three pos-
sible sources are plasma TAG, residual intestinal TAG, and
mobilized stored TAG. Exchange between plasma TAG and
chylomicron TAG is not a probable explanation because insuf-
ficient plasma TAG was present to achieve the level of isotopic
dilution observed. Residual intestinal TAG is an unlikely
source of the unlabeled FA because the fatty acid compositions
of the chylomicron TAG samples and the diets were different.
For example, the chylomicron TAG contained 1.0 ± 0.1%
20:4n-6, which is about seven times higher than the percentage
of 20:4n-6 in the NL and RL diets. Thus, mobilization of stored
TAG is the most probable source of the unlabeled FA present
in the chylomicron TAG. 

The chylomicron 2-acyl TAG plots (Fig. 2) show that
80–90% of the fatty acid in the sn-2 position of P6L4P6 and
L2P4L2 was retained during absorption and, by default,
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FIG. 5. Time-course plots for incorporation of deuterium-labeled 16:0
and 18:2n-6 in plasma phosphatidylcholine (PC) of subjects fed NL and
RL diets. NL subjects were fed a mixture of (P6L4P6 + L2P4L2). RL sub-
jects were fed a single deuterium-labeled TAG (P4L2P4). Each data point
is the average for data from two subjects. Error bars equal SE. Error bars
are not shown when less than the size of the symbol. Data are plotted as
micrograms of 2H-fatty acid/mg of total PC fatty acid/mg of 2H-fatty acid
fed. For abbreviations, see Figure 1.

TABLE 4
Concentration of Deuterated Palmitic and Linoleic Acids in Plasma Lipid Classesa

Deuterated fatty acid and sn TAG positionb

Lipid classc Dietd 16:0 (sn-1,3) 16:0 (sn-2) 18:2n-6 (sn-1,3) 18:2n-6 (sn-2)

(µg/mg 2H-fatty acid fed/mg lipid/kg body wt ± SD)
TAG NL 16.01 ± 0.64 15.75 ± 2.15 15.58 ± 1.76 18.01 ± 1.79
TAG RL 12.34 ± 2.19 No data No data 14.36 ± 1.14 
CE NL 1.39 ± 0.50 1.62 ± 0.25 12.48 ± 1.01 11.19 ± 1.65
CE RL 2.05 ± 0.05 No data No data 15.31 ± 4.84
PC NL 6.87 ± 2.54 5.74 ± 1.01 14.65 ± 5.11 13.04 ± 3.47
PC RL 3.73 ± 0.62 No data No data 11.26 ± 2.52
PC-1 NL 7.47 ± 1.88 *,† 5.64 ± 0.10* 0.40 ± 0.10 0.24 ± 0.17 
PC-1 RL 4.45 ± 0.98† No data No data 0.70 ± 0.17
PC-2 NL 0.12 ± 0.01 0.24 ± 0.04 11.18 ± 3.15 12.03 ± 3.63
PC-2 RL 0.11 ± 0.05 No data No data 14.23 ± 3.13
aBased on area-under-curve time-course data.
bsn-1,3 and sn-2 indicate acyl position of 2H-fatty acid in the TAG fed.
cPC-1, 1-acyl PC; PC-2, 2-acyl PC; CE, cholesterol ester. See Table 1 for other abbreviation.
dNL and RL, native lard and randomized lard diets, respectively.
e*P < 0.1 for sn-1 vs. sn-2; †P < 0.1 for NL vs. RL.



80–90% of the 2H-fatty acid originally at the sn-1,3 TAG posi-
tions is retained at the sn-1,3 positions. These results are rea-
sonably consistent with results from animal and nontracer
human studies that report over 75% retention of the FA in the
sn-2 acyl position of dietary fats during absorption (1–4). How-
ever, the results of this study suggest that previous studies may
have underestimated the percent sn-2 retention owing to co-
incorporation of stored fat into chylomicron TAG and/or fatty
acid migration between the sn-1,3 and sn-2 TAG positions. 

The chylomicron 2-acyl TAG time-course curves (Fig. 2)
show that 2H-16:0 at the sn-2 chylomicron TAG position
migrates to the sn-1 chylomicron TAG position and that the 2H-
18:2n-6 at the sn-1,3 acyl positions of chylomicron TAG
migrates to the sn-2 position. In contrast, there was no signifi-
cant migration of 2H-16:0 from the sn-1,3 position to the sn-2
chylomicron TAG position or migration of 2H-18:2n-6 from
the sn-2 chylomicron-TAG position to the sn-1,3 position.
Thus, extensive fatty acid migration occurred only when the

2H-FA in the fed TAG were at a position that differed from their
normal position in human chylomicron TAG samples. These
results suggest the presence of an isomerization mechanism
that converts the positional distribution of FA in chylomicron
TAG to “normal” TAG structures prior to clearance. This fatty
acid isomerization or rearrangement process appears to be an
initial step in the overall metabolic sequence that is ultimately
responsible for human plasma TAG structures containing
mainly saturated FA at the sn-1,3 positions and unsaturated FA
at the sn-2 position. 

It is interesting that 2H-16:0 fed as an sn-2 TAG migrates
from the chylomicron sn-2 TAG position, but 2H-16:0 fed as
an sn-1,3 TAG does not seem to migrate when incorporated at
the chylomicron sn-2 TAG position. It appears that 16:0 equili-
brates between the sn-2 and sn-1,3 positions in an approximate
15:85 ratio. Selective clearance is not a factor since both 16:0
tracers were present at about the same concentrations in the
chylomicron total TAG at all time points, and the relative per-
centages of the 2H-FA did not change with time. From the
curves in Figure 2, it appears that some restructuring of chy-
lomicron TAG may have occurred prior to collection of the first
(4 h) sample. Thus, retention of the sn-2 FA in dietary TAG
during absorption may be higher than the 80–90% observed in
this study and the 75–80% values reported by others (1–4). 

Incorporation and turnover in plasma lipid classes. The sn
position of 2H-16:0 and 2H-18:2n-6 in L2P4L2, P6L4P6, and
P4L2P4 did not influence incorporation and turnover of these
2H-FA in plasma TAG and CE. This is the expected result if the
locations of the 2H-fatty acid in the majority of the chylomi-
cron TAG structures were rearranged to similar positions be-
fore subsequent incorporation into plasma TAG and CE. 

An effect of fatty acid sn position on incorporation of 16:0
into plasma PC was observed. The sn-1,3 and sn-2 16:0 data
for the NL subjects provide a direct comparison of the influ-
ence of position since the TAG mixture fed contained labeled
16:0 at both the sn-1,3 and sn-2 positions. These data show that
accumulation of sn-2 TAG 2H-16:0 in the 1-acyl position of PC
was 24.5% lower (P < 0.1) than labeled palmitic acid fed as an
sn-1,3 TAG. This result suggests that 2H-16:0 migration from
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TABLE 5 
Concentrations of Labeled Palmitic and Linoleic Acid Metabolites in Plasma Lipid Classesa

Lipid class and diet group

Precursor’s TAG CE PCc

FA sn positionb NL RL NL RL NL RL

(µg/mg 2H-fatty acid fed/mg lipid/kg body wt ± SD)
16:1 sn-1,3 0.262 ± 0.026 0.166 ± 0.023 0.049 ± 0.012 0.056 ± 0.011 0.028 ± 0.003*,† 0.007 ± 0.005†

16:1 sn-2 0.173 ± 0.040 No data 0.020 ± 0.027 No data 0.010 ± 0.004* No data
18:0 sn-1,3 0.216 ± 0.001 0.145 ± 0.021 0.003 ± 0.001 0.018 ± 0.005 0.564 ± 0.115 0.498 ± 0.051
18:0 sn-2 0.225 ± 0.052 No data 0.004 ± 0.006 No data 0.591 ± 0.022 No data
20:3n-6 sn-1,3 0.040 ± 0.006 No data 0.010 ± 0.006 No data 0.510 ± 0.086 No data
20:3n-6 sn-2 0.025 ± 0.008 0.007 ± 0.009 0.028 ± 0.040 0.021 ± 0.017 0.633 ± 0.412 1.416 ± 0.111
20:4n-6 sn-1,3 0.045 ± 0.009 No data 0.265 ± 0.176 No data 1.849 ± 0.073 No data
20:4n-6 sn-2 0.050 ± 0.216 0.054 ± 0.085 0.341 ± 0.026 0.283 ± 0.152 2.61 ± 0.113† 6.75 ± 0.95†

aBased on area-under-curve time-course data.
bsn-1,3 and sn-2 indicate acyl position of 2H-fatty acid in the TAG fed.
c*P < 0.05 for sn-1 vs. sn-2; †P < 0.05 for NL vs. RL. For abbreviations, see Tables 1, 2, and 4.

FIG. 6. Influence of dietary TAG structure on accretion of deuterium-
labeled 20:3n-6 and 20:4n-6 in plasma total lipid. The sn-1,3 and sn-2
notation associated with the 20:3n-6 and 20:4n-6 metabolite designates
the position of the 2H-18:2n-6 precursor in the TAG fed. Data are plot-
ted as micrograms of 2H-fatty acid metabolite/mg of total lipid fatty
acid/mg of 2H-18:2n-6 fed and are the average of area-under-curve data
for two subjects. For abbreviations, see Figure 1. 



the sn-2 to the sn-1,3 position does not totally eliminate the
influence of the sn-2 position before a portion of the chylomicron
TAG is converted to PC. The results also suggest a possible diet
effect because the 2H-16:0 concentration in PC-1 was 46.5%
lower (P < 0.1) for RL subjects than for NL subjects. These
combined results demonstrate that less 16:0 is incorporated into
the 1-acyl position of PC when dietary TAG contain 16:0 at the
sn-2 position. Presumably, this occurs because a portion of
plasma PC is synthesized from chylomicron TAG that still re-
tain elements of the dietary TAG structure. On the basis of the
later time for maximal incorporation in PC compared with chy-
lomicron TAG, we can rule out the possibility that synthesis of
PC by intestinal mucosal cells during absorption is a signifi-
cant source of plasma PC. 

Metabolite synthesis and accretion. The AUC data summa-
rized in Table 5 show that concentrations of the major metabo-
lites of 16:0 and 18:2n-6 (16:1, 18:0, 20:3n-6, 20:4n-6) in
plasma TAG and CE were not significantly influenced by the
sn position of the 2H-FA in L2P4L2, P6L4P6, and P4L2P4 nor
by dietary treatment. The sn acyl position of 2H-18:2n-6 did
not influence accumulation of the 2H-20:4n-6 metabolite in
plasma PC and plasma total lipid (Fig. 6). However, 2H-20:4n-6
accretion was higher (P < 0.1) in plasma PC and plasma total
lipid for the RL diet group subjects than for the NL subjects
and suggests that intake of dietary fats enriched at the sn-2 acyl
position with 16:0 may reduce both 20:3n-6 and 20:4n-6 syn-
thesis. Dietary treatment and sn position also influenced the
accretion in plasma PC of 16:1 synthesized from 16:0. The con-
centration of 2H-16:1 in plasma PC for subjects fed the RL diet
was 75% lower (P < 0.05) than for the NL diet subjects, and
2H-16:1 derived from sn-2 was 64% lower (P < 0.05) than 2H-
16:1 derived from sn-1,3 2H-16:0. Overall, these metabolite
data are consistent with the possibility that dietary TAG molec-
ular structure has physiological importance. 

This study provides evidence for a previously unrecognized
migration of sn-2 16:0 to the sn-1,3 position and sn-1,3 18:2n-6
to the sn-2 chylomicron TAG position. The sn TAG position
and dietary fat containing 16:0 in the sn-2 position have little
influence on 16:0 and 18:2n-6 incorporation into TAG and CE.
Both results are consistent with the view that isomerization of
TAG structures following their initial absorption reduces the
metabolic influence of TAG regiospecificity. The results also
suggest that the postabsorption lipid-related physiological effects
of dietary TAG structures would be diminished. This concept is
consistent with observations that dietary TAG structure does not
significantly influence serum cholesterol and lipoprotein levels
in humans (10–14). However, the effect of TAG structure on
16:0 and 20:4n-6 incorporation into PC and the possible inhibi-
tion of 20:4n-6 synthesis by the NL diet treatment are findings
that suggest possible physiological importance of TAG structure
and warrant further study. 
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ABSTRACT: On July 11, 2003, the U.S. Food and Drug Admin-
istration published a final rule amending its food-labeling regula-
tions to require that trans FA be declared in the nutrition label of
conventional foods and dietary supplements. The effective date
of this final rule is January 1, 2006. This places some urgency on
increasing the number and types of currently available foods for
which there are trans-fat data. Compositional databases on trans
fat content of food are currently limited. The purpose of this study
was to determine the trans-fat content of a wide range of foods
prior to the effective date of the new regulation. AOAC Official
Method of Analysis 996.01 was modified for the analysis of trans
fat in noncereal products. Food products for analysis were se-
lected on the basis of market share and data from the USDA’s
1994–1996 Continuing Survey of Food Intake by Individuals.
Foods were purchased from local supermarkets, weighed, hy-
drolyzed, converted to FAME, and analyzed by GC. The results
showed that trans fat (g/100 g fat) ranged from 0.0 to 48.8 in
bread, cake, and related products; from 14.9 to 27.7 in mar-
garines; from 7.7 to 35.3 in cookies and crackers; from 24.7 to
38.2 in frozen potatoes; from 0.0 to 17.1 in salty snacks; from 0.0
to 13.2 in vegetable oils and shortenings; from 0.0 to 2.2 in salad
dressings and mayonnaises; and from 0.0 to 2.0 in dry breakfast
cereals. Serving sizes for the foods included in this survey ranged
from 12 to 161 g, and trans-fat levels ranged from 0.0 to 7.2
g/serving. The significant differences in trans-fat content in prod-
ucts within each food category are due to differences in the type
of fats and oils used in the manufacturing processes.

Paper no. L9382 in Lipids 39, 11–18 (January 2004). 

Hydrogenated fats and oils are used in foods to improve tex-
ture and stability for a longer shelf life. Some unhydrogenated
fats and oils are less suitable for use in food because of their
low m.p. and the ease with which they are oxidized. Trans FA
are formed during industrial hydrogenation of dietary fats and

oils. Food products made with such hydrogenated fats and oils
also contain trans FA. Such foods are the primary source of
trans fat in typical U.S. diets (1). Trans FA also are formed as
a result of biohydrogenation in the rumen of animals such as
cows and sheep. Thus, dairy products and meat also contain
small quantities of trans FA (1).

Evidence from a number of persuasive studies using a range
of test conditions and across different geographical regions and
populations is strong for an adverse relationship between trans-
fat intakes and risk of coronary heart disease (reviewed in Refs.
2 and 3). The evolving state of scientific knowledge regarding
trans fat prompted the U.S. Food and Drug Administration
(FDA) to issue a proposed rule in 1999 (4), which was published
as a final rule on July 11, 2003 (5), that will require manufactur-
ers to list trans FA or trans fat on the Nutrition Facts and Sup-
plement Facts panels of food and dietary supplement labels by
January 1, 2006. This declaration is to be placed on a separate
line immediately under the declaration for saturated fat (SF). A
declaration of amounts of trans fat on a separate line is not cur-
rently required on the Nutrition Facts panel. Rather, amounts of
trans fat are currently “captured” in the declaration of total fat. 

Both in its proposal and in its final rule (4,5), FDA used
nationally representative dietary intake data and a U.S. Depart-
ment of Agriculture (USDA) food composition database con-
taining data on trans fat content of foods (6) to estimate trans-
fat intakes in the U.S. population. Estimation of the current
consumption of trans fat has been problematic because of the
limited quantitative data available on the trans-fat content of
foods (i.e., the currently available USDA trans-fat database
contains relatively few foods). 

The purpose of this work was to determine the FA content of
a wide range of foods, particularly those foods that have been
shown to be important dietary sources of trans fat. In this study,
food samples were selected from among market-leader products
within eight food groups. AOAC Official Method 996.01 “Fat
Analysis in Cereal Products” (7), originally developed for analy-
sis of FA in cereal products, was modified for quantification of
FA, including trans fat, in a much wider range of food products. 

EXPERIMENTAL PROCEDURES

Sample selection. Food products were identified on the basis of
market share and were purchased from local supermarkets in
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2002. A total of 117 food products were analyzed. Food items
were selected using data derived from USDA’s Continuing Sur-
vey of Food Intakes by Individuals 1994–1996 Diet and Health
Knowledge Survey database and technical support databases
(8). Food samples were sorted into groups as follows: bread,
cake, and related products; margarines; cookies and crackers;
frozen potato products; salty snacks; vegetable oils and short-
enings; salad dressings and mayonnaise; and ready-to-eat
breakfast cereals. 

Sample preparation. Foods were stored at appropriate tem-
peratures until homogenized. Quantitative label information
and fat sources listed on the labels were recorded. Individual
foods were homogenized in a food processor and frozen in
plastic jars. At least 0.5 kg (or one consumer unit, e.g., 1 pack-
age of cookies, 1 pound of margarine) was used for each com-
posite. Samples of oils for analysis were stored at room tem-
perature. At least two independent analyses of each homoge-
nized sample were conducted. About 2 g of the homogenized
samples was weighed and transferred to test tubes (25 × 200
mm). Ethyl alcohol (2 mL) was added to prevent lumping of
the sample during hydrolysis. Internal standard (1 mL) (tritri-
decanoate, 5 mg/mL in hexane) was added. The samples were
mixed and digested with 8 N HCl in a water bath at 80°C for
40 min. Ethanol (10 mL) was added, and the samples were
cooled in tap water. Each digested sample was transferred to a
separatory funnel and extracted once with 30 mL of diethyl
ether, once with 30 mL of petroleum ether, and twice with 30
mL of ethyl ether/petroleum ether (1:1). The diethyl ether, pe-
troleum ether, and mixed ether extracts were combined in a
125-mL flat-bottomed flask, evaporated under nitrogen,
saponified with methanolic sodium hydroxide, and methylated
with boron trifluoride (7). FAME were dried with anhydrous
sodium sulfate. 

Sample analysis. A Hewlett-Packard 5890 Series II gas
chromatograph equipped with an HP 7673 autosampler, a split
injector (20:1), an FID, and a Hewlett-Packard ChemStation
Data System (Hewlett-Packard Co., Palo Alto, CA) was used
for the analyses. A CP Sil 88 fused-silica capillary column (100
m × 0.25 mm i.d.; 0.20 µm film thickness; Chrompack, Rari-
tan, NJ) was used to separate the FA. Operating conditions
were as follows: injector temperature, 250°C; detector temper-
ature, 280°C; temperature programmed at 75°C for 2 min and
increased to 175°C at a rate of 5°C /min and held at 175°C for
33 min, increased to final temperature of 225°C at a rate of
5°C/min and held at 225°C for 8 min. Hydrogen was used as
the carrier gas at a flow rate of 1.5 mL/min, linear velocity, 29.2
cm/s. One (1) microliter injections, ideally representing 1–2
mg FAME/mL, were made. In some injections, however, we
recognized that the column was overloaded and there was a
loss of resolution due to this overloading. All samples in which
peak shapes were found to be distorted on the initial run were
diluted and reanalyzed. Using the operating conditions just de-
scribed, we saw the same pattern of peaks in the same elution
order as is reported in American Oil Chemists’ Society Official
Method Ce 1f-96 (9). FAME, including trans compounds, were
identified by isomer retention time areas as indicated in the fig-

ures in Method Ce 1f-96 (9). The responses of components in
the lipid standard mixture containing 37 FA (Sigma Chemical
Co., St. Louis, MO) were used to calculate response factors for
individual FA. Use of the 13:0 internal standard to set response
factors indicated that, on average, 96% of the weighed FAME
were accounted for in the GC analysis. 

Calculations. The amounts of each FA were calculated from
the corresponding peak areas. Total fat was calculated as the
sum of all individual FA (including trans FA) expressed as TG.
Saturated fat, monounsaturated fat, polyunsaturated fat, and
trans fat were calculated as the sums of all FA and expressed
as FA in accordance with 21 CFR §101.9 (10). Conversion fac-
tors (11) were used for conversion of FAME to their corre-
sponding TG and FA. 

Presentation of results. Results for the 117 food products
are grouped in eight tables by food category. Each listing rep-
resents a single product. Serving size obtained from the label
and total fat content determined by analysis are listed for each
product. Values for trans, saturated, and unsaturated (mono-
and poly-) fats, expressed as gram/labeled serving size and as
g/100 g fat, are also listed. The final column in each table lists
the sum of trans + SF expressed as g/100 g fat. Because of the
differences in the way the various classes of fat are calculated,
the value for total fat expressed as TG will differ slightly from
the sum of saturated + monounsaturated + polyunsaturated +
trans FA expressed as FA. 

RESULTS AND DISCUSSION

Modification of AOAC Official Method 996.01. Samples in this
study were analyzed according to a modification of AOAC Of-
ficial Method 996.01 (7). This method was originally devel-
oped for the analysis of FA composition in cereal products. We
modified the chromatographic conditions as follows to allow
for the analysis of FA in a much wider range of foods: We used
a split injector ratio of 20:1 rather than 100:1 as specified in
AOAC 996.01. A CP Sil 88 fused-silica capillary column mea-
suring 100 m was used instead of the 30-m column specified in
AOAC 996.01. This greatly increased resolution of the peaks.
The operating conditions called for in AOAC 996.01 (i.e., tem-
peratures: injector, 250°C; detector, 275°C; hydrogen flow, 34
mL/min; air flow, ca. 300 mL/min; split ratio, 100:1; carrier
gas, He; linear velocity, 21 cm/s at 175°C; initial temperature,
120°C (hold 4 min); rate 5.0°C/min; final temperature, 230°C;
final time, 5.0 min) were modified as stated in the foregoing
section. Hydrogen, rather than helium as specified in AOAC
996.01, was used as the carrier gas. This increased response
resolution. These changes in length of column, temperature
program, and carrier gas increased the run time to 73 min/sam-
ple but greatly increased the resolution of FAME. 

AOAC Official Method 996.01 was modified previously for
the recovery of total fat and FA in milk-based Standard Refer-
ence Material (SRM) 1846 (12). The results of the study with
SRM 1846 (12) confirmed that the mean analyzed values were
highly reproducible as indicated by CV of <5% for all major
FA (excluding trans FA). Mean analyzed values for individual

12 S. SATCHITHANANDAM ET AL.

Lipids, Vol. 39, no. 1 (2004)



TRANS FATTY ACIDS IN FOODS 13

Lipids, Vol. 39, no. 1 (2004)

TA
B

LE
 1

To
ta

l,
tr

an
s,

 S
at

ur
at

ed
, a

nd
 U

ns
at

ur
at

ed
 F

at
 in

 B
re

ad
, C

ak
e,

 a
nd

 R
el

at
ed

 P
ro

du
ct

sa

To
ta

l f
at

Se
rv

in
g

Tr
an

s
fa

t
Tr

an
s

fa
t

SF
SF

M
U

FA
M

U
FA

PU
FA

PU
FA

Tr
an

s
+

 S
F

Tr
an

s
+

 S
F

Fo
od

g/
se

rv
in

g
si

ze
, g

g/
se

rv
in

g
g/

10
0 

g 
fa

t
g/

se
rv

in
g

g/
10

0 
g 

fa
t

g/
se

rv
in

g
g/

10
0 

g 
fa

t
g/

se
rv

in
g

g/
10

0 
g 

fa
t

g/
se

rv
in

g
g/

10
0 

g 
fa

t

C
ak

e,
 ic

ed
 a

nd
 fi

lle
d

21
.0

74
7.

2
34

.5
3.

8
18

.3
6.

2
29

.5
1.

5
7.

0
11

.1
52

.8
C

ak
e 

ro
lls

, i
ce

d 
an

d 
fil

le
d

17
.0

61
4.

7
27

.4
3.

8
22

.6
6.

2
36

.5
1.

5
9.

0
8.

5
49

.9
B

is
cu

its
, b

ut
te

r-
fla

vo
re

d
9.

4
58

3.
1

32
.7

2.
8

30
.1

2.
9

30
.5

0.
3

3.
1

5.
9

62
.8

Ta
co

 d
in

ne
r 

ki
t

16
.0

16
1

2.
6

16
.3

2.
1

13
.4

6.
3

39
.5

4.
3

26
.9

4.
7

29
.7

Sp
on

ge
 c

ak
e,

 fi
lle

d
12

.6
57

2.
5

19
.7

3.
5

28
.0

4.
4

35
.2

1.
4

11
.1

6.
0

47
.8

Fl
ak

y 
bi

sc
ui

ts
8.

7
56

1.
8

20
.8

2.
8

31
.5

2.
8

32
.3

0.
9

10
.8

4.
6

52
.3

B
ut

te
rm

ilk
 b

is
cu

its
4.

9
34

1.
7

34
.1

1.
2

24
.4

1.
6

32
.5

0.
3

5.
9

2.
9

58
.5

B
ut

te
r-

fla
vo

re
d 

bi
sc

ui
ts

4.
9

34
1.

7
34

.4
1.

2
23

.5
1.

5
31

.3
0.

3
5.

9
2.

8
57

.9
C

or
nb

re
ad

4.
5

41
1.

4
32

.1
1.

2
27

.6
1.

4
32

.1
0.

4
7.

9
2.

7
59

.8
C

er
ea

l b
ar

s
2.

9
22

1.
4

48
.8

0.
8

27
.2

0.
5

16
.4

0.
1

2.
4

2.
2

76
.0

C
ak

e,
 ic

ed
 a

nd
 fi

lle
d

9.
2

64
1.

4
15

.3
2.

5
27

.3
2.

9
31

.7
2.

2
24

.0
3.

9
42

.6
Pi

zz
a 

ki
t

4.
9

27
1.

1
22

.8
1.

3
25

.8
1.

9
38

.8
0.

7
13

.6
2.

4
48

.6
Ta

co
 d

in
ne

r 
ki

t
4.

4
51

1.
1

24
.9

0.
8

18
.1

0.
8

18
.6

1.
5

33
.7

1.
9

43
.0

Fi
g 

ba
rs

3.
9

31
1.

1
27

.8
0.

6
16

.2
1.

0
26

.2
1.

0
25

.7
1.

7
44

.0
C

re
sc

en
t r

ol
ls

, r
ed

uc
ed

 fa
t

5.
6

28
1.

1
19

.3
1.

8
31

.7
1.

9
33

.5
0.

7
12

.8
2.

9
51

.0
Fl

ou
r 

to
rt

ill
as

5.
1

42
.5

0.
9

18
.0

1.
5

29
.8

1.
6

31
.2

0.
9

17
.0

2.
4

47
.8

Ta
co

 d
in

ne
r 

ki
t

4.
3

82
0.

9
20

.7
1.

1
24

.4
1.

6
36

.9
0.

6
13

.6
2.

0
45

.2
Sp

on
ge

 c
ak

e,
 fi

lle
d

4.
3

43
0.

9
20

.8
1.

1
24

.8
1.

7
38

.2
0.

5
11

.6
2.

0
45

.6
A

pp
le

 c
ob

bl
er

 b
ar

s
3.

1
37

0.
8

25
.4

0.
7

22
.8

1.
1

35
.5

0.
4

11
.7

1.
5

48
.2

C
er

ea
l b

ar
s 

w
ith

 s
tr

aw
be

rr
y

2.
8

37
0.

7
26

.0
0.

6
19

.6
1.

1
38

.1
0.

3
12

.1
1.

3
45

.6
O

at
m

ea
l b

ar
s

3.
3

37
0.

7
22

.4
0.

8
25

.5
1.

2
35

.3
0.

4
12

.6
1.

6
47

.9
To

rt
ill

as
 

3.
7

41
0.

7
19

.5
1.

0
27

.4
1.

3
35

.9
0.

5
12

.6
1.

7
46

.8
B

is
cu

its
, T

ex
as

-s
ty

le
2.

6
34

0.
7

26
.2

0.
7

26
.6

0.
2

8.
4

0.
9

34
.2

1.
4

52
.9

C
ak

e,
 c

ho
co

la
te

-c
ov

er
ed

8.
2

38
0.

5
6.

6
5.

0
60

.8
1.

1
13

.8
0.

6
7.

8
5.

5
67

.4
D

in
ne

r 
ro

lls
3.

2
40

0.
5

16
.6

0.
9

29
.1

1.
1

35
.3

0.
5

14
.4

1.
5

45
.6

C
er

ea
l b

ar
s

2.
3

37
0.

5
21

.0
0.

5
23

.6
0.

9
37

.1
0.

3
13

.1
1.

0
44

.5
M

in
i c

ak
e 

sn
ac

ks
, i

ce
d

4.
3

38
0.

5
10

.9
1.

3
28

.9
1.

1
25

.2
1.

3
28

.9
1.

7
39

.7
Fl

ou
r 

to
rt

ill
as

3.
4

50
0.

5
13

.3
0.

7
19

.2
1.

2
34

.5
1.

0
28

.3
1.

1
32

.5
G

ra
no

la
 b

ar
s,

w
ith

 c
ho

co
la

te
 c

hi
ps

4.
7

28
0.

4
7.

6
1.

4
29

.8
2.

0
42

.3
1.

0
20

.5
1.

8
37

.4
G

ra
no

la
 b

ar
s 

w
ith

 p
ea

nu
t

bu
tte

r,
 c

ho
co

la
te

 c
hu

nk
s

3.
2

28
0.

2
7.

1
0.

9
29

.0
1.

2
38

.0
0.

7
20

.1
1.

2
36

.1
C

ak
e,

 p
ea

nu
t

bu
tte

r-
co

ve
re

d
9.

3
38

0.
1

0.
9

4.
9

52
.4

2.
0

21
.0

1.
9

20
.8

5.
0

53
.3

To
rt

ill
as

, f
at

-f
re

e
0.

8
33

0.
1

9.
8

0.
2

24
.4

0.
2

22
.0

0.
3

40
.2

0.
3

34
.2

Fl
ou

r 
to

rt
ill

as
2.

7
51

0.
1

1.
9

0.
6

23
.0

0.
5

19
.6

1.
5

55
.6

0.
7

24
.8

C
ho

co
la

te
 c

oo
ki

e 
ca

ke
0.

3
17

0.
0

3.
8

0.
1

38
.5

0.
1

23
.1

0.
1

30
.8

0.
1

42
.3

C
or

n 
to

rt
ill

as
0.

8
26

0.
0

0.
0

0.
1

17
.9

0.
2

23
.1

0.
4

55
.1

0.
1

17
.9

G
ra

no
la

 b
ar

s
w

ith
 b

ro
w

n 
su

ga
r

6.
8

42
0.

0
0.

0
0.

7
10

.6
3.

6
52

.5
2.

5
36

.7
0.

7
10

.6
Sp

on
ge

 c
ak

e,
 fi

lle
d

1.
4

43
0.

0
0.

0
0.

6
42

.4
0.

3
22

.9
0.

4
25

.7
0.

6
42

.4
a V

al
ue

s 
ar

e 
m

ea
ns

 o
f t

w
o 

de
te

rm
in

at
io

ns
 o

f e
ac

h 
sa

m
pl

e.
 S

F,
 s

at
ur

at
ed

 fa
t; 

M
U

FA
, m

on
ou

ns
at

ur
at

ed
 F

A
; P

U
FA

, p
ol

yu
ns

at
ur

at
ed

 F
A

.



FA in SRM 1846 analyzed by modified method AOAC 996.01
fell within ±1 SD or less of the certified values. The mean ana-
lyzed value for total fat as TG was equal to the mean certified
value. This method was then used to determine the total fat and
FA content of powdered and liquid infant formulas (13). The
results demonstrated the applicability of the method to the
analysis of fat and FA in other food matrices. Therefore, this
method was employed in the analysis of FA in this study.
Mossoba et al. (14) recently reviewed the most common GC
and IR spectroscopic official methods for the determination of
trans FA for food-labeling purposes. 

Food sources of trans fat. In FDA’s trans-FA labeling pro-
posal (4) and in the final rule (5), the agency estimated the aver-
age trans-fat intakes of adults in the United States from, among
other sources, the USDA Continuing Survey of Food Intake by
Individuals 1994–1996 (8). Estimates were provided for food
groups based on product type. The contribution to trans-fat in-
take based on food groups is as follows: bread, cake, cookies,
crackers, and related products, 41%; margarine, 17%; animal
products (meat, milk, butter, cheese, cream, sour cream), 21%;
fried potatoes, 8%; potato chips, corn chips, popcorn (salty
snacks), 5%; household shortening, 4%; salad dressing, 3%;
candy, 1%; breakfast cereal, 1% (5). 

We used these groups as the basis for our purchase of foods
for analysis. We queried the Information Resources, Inc. (IRI)
InfoScan (15) database to identify the market leader brands
within those product types. The IRI InfoScan database contains
dollar and sales information from food and dietary supplement
products from a sample of more than 32,000 grocery, drug, and
mass merchandiser stores with annual sales of $2 million and
above across the continental United States. IRI applies projec-
tion factors to the sample store data to estimate total sales in the
continental United States. We selected the market leader prod-
ucts in eight of the groups, purchased the identified products, and
conducted analyses to determine total FA composition. 

The groups and number of products we analyzed were as
follows: Table 1, bread, cake, and related products, 37; Table
2, margarines, 7; Table 3, cookies and crackers, 23; Table 4,
frozen potatoes, 6; Table 5, potato chips, corn chips, and popcorn
(salty snacks), 16; Table 6, vegetable oils and shortenings, 12;
Table 7, salad dressings and mayonnaise, 14; and Table 8, dry
breakfast cereal, 2. We did not analyze meat or dairy products,
or, with the exception of two breakfast cereals, those products
that provide only about 1% of total trans intake (e.g., candy,
cream, sour cream, butter, breakfast cereals). 

Overview of results. We calculated the sum of trans fat + SF
for each product because there is strong agreement among
expert panels (2,5) that the available evidence is sufficiently
compelling to conclude that intakes of trans fat and SF increase
risk of coronary heart disease. Accordingly, expert panels rec-
ommend, in addition to the long-standing recommendations
regarding limitation in SF intake, that consumers also reduce
their intake of trans fat. 

The highest level of trans fat, expressed as gram/serving or
as g/100 g fat, was found in foods in the bread, cake, and related
products group (Table 1). In 11 of 37 (30%) of the products
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analyzed, trans-fat levels exceeded 25 g/100 g fat, and in 28 of
37 products analyzed (76%), the sum of trans fat + SF exceeded
40 g/100 g fat. Levels of trans fat and SF in margarine products
(Table 2) ranged from 15 to 28 and 9 to 23 g/100 g fat, respec-
tively. The sums of trans fat + SF for these products fell within
a relatively narrow range of 33–42 g/100 g fat. Cookies and
crackers contained 8–35 g trans fat/100 g fat, and the sum of
trans fat + SF for these products ranged from 39 to 58 g/100 g
fat (Table 3). All frozen potato products examined contained
25–38 g trans fat/100 g fat (Table 4). The sum of trans fat + SF
was in the range of 46–59 g/100 g fat for these products. Low
levels of trans fat, expressed as g/100 g fat, were found in salty
snacks, vegetable oils and shortenings, salad dressings and may-
onnaise, and breakfast cereals (Tables 5, 6, 7, and 8, respec-
tively). There was considerable variability in the trans-FA con-
tent of foods within each food category. 

One of the problems addressed in FDA’s final rule was the in-
adequacy in assessment of intakes of trans FA by the U.S. popu-
lation. This is because current USDA data for the trans-FA con-
tent of foods are limited to a few foods with a relatively small
number of samples (5, page 41445). The available database pro-
vides analytical data on the trans-FA content of 214 foods ob-
tained under USDA contract. The samples analyzed for this data
set were collected between 1989 and 1993. It is important to note
that the formulations for these products may have changed, and
USDA advised that caution be exercised when using the values
(http://www.nal.usda.gov/fnic/foodcomp). 

Estimating the amounts of trans FA in the food supply has
been hampered by the lack of an accurate and comprehensive
database for use in deriving consumption data. The trend to-
ward reformulation of products over the last decade also has
made it difficult to develop satisfactory intake data. Addition-
ally, the variability noted above in the trans-FA content of
foods within a food category is extensive and can introduce
substantial error when calculations are based on food-fre-
quency questionnaires that rely heavily on groupings of similar
foods. 

The Institute of Medicine of the National Academy of Sci-
ences (IOM/NAS) noted in its recent report (3) that additional
research was needed in the area of trans fat. Among the re-
search needed was the development of a comprehensive data-
base for the trans-fat content of the U.S. food supply. Such a
database could be used to determine trans-FA intakes in differ-
ent age and socioeconomic groups. IOM/NAS (3) also noted
that efforts should be made to assess major sources of trans FA
currently in the marketplace and to develop alternatives similar
to those made for foods high in saturated FA. It is anticipated
that the current database and updates to USDA’s database will
contribute to both of these needs. 
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ABSTRACT: The impact of starch sources differing in their ve-
locities of ruminal degradation on the milk fat of dairy cows was
studied. The animals received diets containing a slowly degrad-
able (potatoes) or rapidly degradable (wheat) starch concentrate
(40% of the dry matter) in a total mixed diet. Milk fat was the
only animal performance factor affected: Cows produced sig-
nificantly less milk fat when fed the wheat diet than the potato
diet (−3.3 g/kg, −122 g/d; P < 0.05). With the wheat diet, milk
fat was poorer in short-chain FA and richer in unsaturated long-
chain FA, especially in trans octadecenoic acid (4.4 vs. 2.7%
of the total FA, P < 0.05). A very large increase in the isomer
trans-10 18:1 (+1.46% of the total FA) was observed. Because
no difference in volatile FA concentrations in the rumen was re-
vealed, the increase in trans octadecenoic acids, and particu-
larly the isomer trans-10 18:1, was associated with the larger
postprandial drop in ruminal pH with wheat. Similar concen-
trate levels and FA profiles in both diets indicated that the de-
crease in milk fat was due to changes in the ruminal environ-
ment. Quicker degradation of wheat starch, and hence a greater
drop in pH with this diet associated with the absence of any ef-
fect on volatile FA, strengthen the hypothesis developed in the
literature of enzyme inhibition via increased levels of trans oc-
tadecenoic acids, especially the trans-10 isomer. Hence, milk
fat can be decreased with rapidly degradable starch sources and
not only with high levels of concentrates in the diet or added
fat. More detailed work is necessary to elucidate the microor-
ganisms involved and to determine whether metabolic path-
ways similar to those reported for high-concentrate diets are in-
volved.

Paper no. L9325 in Lipids 37, 19–24 (January 2004).

Trans FA (TFA) have often been associated with a risk of
coronary heart disease (1,2) and an increase in arterial cho-
lesterol content in humans (3–5). With current eating habits,
the main source of TFA in human nutrition is partially hydro-
genated vegetable oils (6,7). Milk fat and its FA are another
source, even though low proportions of animal TFA in the
total intake often make it difficult to prove the relationship
between animal TFA and health risks in epidemiological stud-
ies. However, controlling the TFA concentration in milk
makes it possible to avoid an undesirable increase in the TFA
content of dairy products. 

The presence of TFA in milk fat is closely linked to incom-
plete biohydrogenation of PUFA in the rumen. The main
trans forms in milk fat are octadecenoic acids; other FA rep-
resent only small proportions of TFA in milk (6). Trans dou-
ble bonds are mainly synthesized during hydrogenation of un-
saturated FA by enzymes of different rumen bacteria (8,9).
Ruminal conditions, especially a precipitous postprandial
drop in pH, enhances biohydrogenation, leading to trans
bonds in the FA chain (10,11). The reduction of trans-18:1 is
generally rate limiting for the complete hydrogenation of un-
saturated octadecenoic acids. Hence, there is often a ruminal
accumulation of trans-18:1 but rarely of CLA containing
trans double bonds (12). CLA can be absorbed in the small
intestine or synthesized in the mammary gland by desatura-
tion of TFA (13). 

A high level of concentrate in the diet has been shown to
be a determining factor for a sharp drop in ruminal pH and in-
creased TFA contents in milk fat (10,14–16). Recently, it has
been shown that rapid starch degradation also can accelerate
the postprandial drop in pH (17). The objective of this study
was to determine whether differences in the velocity of starch
degradation in the rumen of dairy cows caused a decrease in
milk fat provoked by TFA accumulation. Specifically, this
work studied the effects of trans octadecenoic acid and its
isomers on milk fat and also the effect of CLA by focusing
on rumen fermentation.

MATERIALS AND METHODS

Animals, diets, and experimental design. This trial was con-
ducted during winter 2001 (January to March) at our experi-
mental station near Nancy (East France). Four multiparous
Holstein cows were assigned to a single reverse design to
study the effect of starch source (i.e., velocity of ruminal
degradation) on milk composition. Animals were housed in a
free-stall barn and were milked twice daily (6 AM and 5 PM).
At the start of the trial, cows weighed 653 kg (±57 kg) on av-
erage and had been in lactation for at least 21 d. Cows were
fitted with ruminal cannulas (#3; Bar Diamond, Parma, ID) at
least 6 wk before the trial in accordance with French animal
care guidelines. Each cow received a corn silage-based total
mixed diet completed with wheat straw, soybean meal, urea,
wheat or potatoes as the starch source, and a mineral–vitamin
mix. Diets were designed to meet the requirements of high-
yielding dairy cows according to the French system (18). The
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composition and nutritive value of both diets are presented in
Table 1.

Each experimental period consisted of 1 wk of transition,
2 wk of adaptation, and 1 wk for sampling and measurement.

Sampling. Cows were fed once daily in the morning (ad li-
bitum intake) using electronic feed gates (SEFER Co.,
Neuville de Poitou, France). Feed intake and the correspond-
ing dry matter intake were recorded daily by an individual
transponder providing access to one of the gates for each cow.
A sample of each feedstuff was taken during each measure-
ment week. Milk yield was recorded automatically at each
milking time (system ISALAIT 2045; Bou-Matic, Saint-
Nom-la-Bretêche, France). During the measurement week of
each period, milk was sampled at four consecutive milking
times (from Tuesday PM to Thursday AM). After the last milk
sampling on Thursday morning, a kinetic assay of the rumen
fluid composition was carried out. At each experimental pe-
riod, the rumen fluid of each cow was sampled immediately
before access to the diet after the morning milking (time 0)
and was subsequently sampled at 1, 2, 4, 5, 6, 8, 10, and 12 h
using a rigid tube via the rumen cannula to ensure that sam-
ples were taken from the same rumen layer. Thus, the rumi-
nal fluid was sampled every hour after the main intake peaks
(after morning milking: time 0; after the distribution of the
daily ration: time 4) and every 2 h for the rest of the day. Ru-
minal pH was determined immediately by a portable pH
meter (electrode Xerolyt Ingold M6-DXK S7/25, Portamess
751; Knick, Darmstadt, Germany). The liquid phase was sep-
arated from the bacteria and solid particles by centrifugation
(4000 × g for 20 min) and was frozen immediately.

Analytical methods and calculations. Because the compo-
sition of both tested diets was very similar (Table 1), only the
FA composition of the starch concentrates was analyzed, ac-
cording to the method of Gontier et al. (19).

The concentrations of volatile FA (VFA) in the ruminal

fluid were determined after thawing by GC according to the
method of Jouany (20). 

The milk was analyzed by the IR method (Fossomatic;
Fosselectric, Hillerød, Denmark) to determine fat and protein
contents. Milk fat was separated by centrifugation (4500 × g
for 45 min) and dissolved in hexane (10 mL for 10 g of fat) to
determine the FA composition. 

FA were analyzed using two different esterification proce-
dures to ensure that all FA were analyzed. Because heating
and acid esterification modified the CLA, isopropyl esters
(IPE) were used for analysis of FA only up to 18:0. Longer
FA such as CLA were analyzed in the form of methyl esters
(FAME) with a soft transesterification. 

The IPE were prepared by treating the milk fat with iso-
propanol/H2SO4 (87.5:12.5, by vol) at 100°C for 1 h (21).
The IPE were then extracted twice with hexane, and the
phases were clarified by centrifugation for 3 min at 3000 × g.
The IPE were analyzed by GC (Hewlett-Packard model 5890,
Series II; Hewlett-Packard, Palo Alto, CA) fitted with a
split–splitless injector (250°C) and an FID (280°C). A BPX-
70 column (60 m, 0.25 mm i.d., 0.25 µm layer thickness;
SGE, Melbourne, Australia) was used. The carrier gas was
hydrogen. The temperature program was as follows: 5 min at
50°C, an increase of 5°C/min from 50–190°C, 15 min at
190°C, an increase of 20°C within 1 min, and maintained 10
min at 210°C.

FAME were prepared by dissolving the milk fat in toluene
and heating this solution with sodium methanolate (16.499-2;
Aldrich, St. Quentin Fallavier, France) for 5 min at 50°C. The
reaction was stopped by adding 0.1 mL of acetic acid, cool-
ing the mixture to approximately 20°C, and extracting the
FAME with hexane as described above for IPE. The GC col-
umn used was a 100 m CP Sil 88 column (0.25 mm i.d., 0.2
µm layer thickness; Varian, Les Ulis, France). The oven tem-
perature was increased by 20°C/min from 60–200°C, and the
final temperature was maintained for 55 min. 

The areas of IPE were transformed into areas of FAME
using the following relationship: FAME = (area FAME
18:0/area IPE 18:0) × area IPE. Stearic acid was used as a ref-
erence peak, and all areas were reported as the sum of de-
tected esters of the total fat.

To analyze the positional isomers of trans octadecenoic
acids (22), FAME samples were dried under nitrogen and dis-
solved in acetone. The trans octadecenoic acids were then sep-
arated from the other FA esters by RP-HPLC using two Kro-
masil C18 columns (250 mm length, 10 mm i.d., 5 µm layer
thickness; ThermoHypersil, Les Ulis, France) in series. The
mobile phase was acetonitrile (100%) at a flow rate of 4
mL/min. The detector was a differential refractometer (RI 410;
Waters, St. Quentin-en-Yvelines, France). The samples were
collected manually and dried under nitrogen before again dis-
solving them in hexane. The positional isomers of the sepa-
rated trans octadecenoic acids were analyzed using the same
GC column as described above for the analysis of FAME but
using a different temperature program: 1 min at 60°C, in-
creased at 20°C/min to 160°C, and held there for 29 min.
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TABLE 1
Composition and Nutritive Values of Diets

Feedstuff (% of dry matter) Wheat diet Potato diet

Corn silage 55.3 52.2
Wheat straw 2.9 2.7
Cracked wheat 29.9 0
Potatoesa 0 28.8
Soybean meal 10.4 14.3
Urea 0 0.4
Mineral and vitamin mix 1.6 2.0

Nutritive values (per kg dry matter)
Net energy lactationb (Mcal) 1.58 1.51
Crude proteinc (g) 130 127
Ether extractd (g) 18.0 13.7
Starche (g) 410 404
Crude fiberf (g) 114 109

aPotatoes: screening®, Farm Frites Group, Montigny-le-Roi, France.
bCalculated according to Jarrige Co. (see review in Ref. 15).
cKjeldahl method.
dNorm V 18-117, AFNOR 1997, Paris, France.
eNorm V 18-121, AFNOR 1997, Paris, France.
fWeende method (Norm V 03-040, AFNOR 1993, Paris, France).



Statistics. The weekly averages of dry matter intake, milk
yield, and milk composition were treated statistically with
ANOVA using the MIXED procedure of SAS (SAS Institute,
Cary, NC). The model included the fixed factor “starch con-
centrate” (wheat or potatoes) and the randomized factor
“cow.” The FA composition of milk was analyzed in the same
way except for FA representing less than 0.05% of milk fat,
which were excluded from statistical analyses and considered
as traces. 

VFA concentrations and pH of the ruminal fluid were ana-
lyzed by ANOVA using the MIXED procedure of SAS (SAS
Institute) with the repeated-time option. The fixed factors in-
cluded in the model were: starch concentrate (wheat or pota-
toes), sampling time, and the interaction between them, as
well as the randomized factor “cow.” The covariance struc-
ture between the different sampling times was defined in the
model as being autoregressive after verification of Akaike and
Schwarz–Bayesian criteria (23). 

RESULTS

The compositions of the diets were similar except for the starch
source (Table 1). The FA composition of both starch sources
was also similar (Table 2). Only traces of short- and medium-
chain FA and high proportions of linoleic acid (9c,12c-18:2)
were revealed; linoleic acid can therefore be considered as the
main lipid source for ruminal biohydrogenation.

On average, the pH of the ruminal fluid (Table 3) was sig-
nificantly lower (−0.17 units, P < 0.05) with the wheat diet
compared with the potato diet. This difference in pH was
clearly evident in the postprandial pH time course (Fig. 1);
with the potato diet the pH dropped first after the beginning
of intake and rose again after 2 h, in contrast with the wheat
diet. From the second intake peak at 4 h, the pH remained
lower with wheat. This difference was significant at 4 (−0.32,

P < 0.05) and 5 h (−0.34, P < 0.05). On the other hand, the
starch source had no effect on VFA concentration or propor-
tion of the main VFA (acetate, propionate, or butyrate) in the
ruminal fluid, nor generally for the time course (Table 3) at a
specific sampling time. Although slight differences existed at
time 0 and persisted the first hour (time course not shown),
differences never reached the significance threshold. Hence,
the total VFA levels during the time course were very similar.
Generally, the low proportion of acetate and high proportion
of propionate characterized well these corn silage-based diets
containing 40% concentrate.

The dry matter and starch intakes, milk yield, milk protein
content, and protein yield were not affected by either kind of
starch concentrate in the diet (Table 4). Nevertheless, milk fat
(content and yield) was significantly lower with the wheat
diet than with the potato diet (−3.3 g/kg and −122 g/d, respec-
tively, P < 0.05). 

The FA composition of milk fat from cows fed the wheat
diet had significantly less short-chain FA (<10:0) and
medium-chain FA (14:0 and 16:0) than milk fat from cows
fed the potato diet (Table 5). Saturated medium-chain FA
(14:0 and 16:0) were affected in the same way. Conversely,
milk fat from cows fed the wheat diet had significantly more
unsaturated long-chain FA such as 18:1, 18:2, 18:3, and
20:1n-9 without affecting saturated long-chain FA (Table 5).
This effect was particularly evident for the content of trans
octadecenoic acids, which was nearly twice as high in milk
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TABLE 2
FA Composition (wt%) of Starch Concentrates Used

FA Wheat Potato

16:0 18.1 17.9
18:0 1.9 1.6
18:1a 12.3 12.1
18:2n-6 62.6 63.4
18:3n-3 5.1 5.1
aSum of 18:1n-9 and 18:1n-7.

TABLE 3
Effect of Starch Source on Ruminal Fermentation Profile (average 
values of the kinetics)a

Wheat diet Potato diet Root mean SE

pH 6.19b 6.36a 0.30
Total VFA (mmol/L) 93 95 19
Acetate (mol/100 mol) 46.0 47.2 5.2
Propionate (mol/100 mol) 27.3 27.2 5.6
Butyrate (mol/100 mol) 18.9 18.0 5.0
aMeans within a row with different superscript roman letters are significantly
(P < 0.05) different. VFA, volatile FA.

FIG. 1. Effect of type of starch concentrate in the diet on ruminal pH
during the time course of the experiment (n = 4 at each sampling time).
◆, Wheat; ■■, potatoes. A star (✩) marks a significant (P < 0.05) differ-
ence between means at a given sampling time.

TABLE 4
Effect of Starch Source on Animal Performance Factorsa

Wheat diet Potato diet Root mean SE

Dry matter intake (kg/d) 19.6 19.2 1.4
Starch intake (kg/d) 8.0 7.7 0.56
Milk yield (kg/d) 32.1 32.3 3.3
Fat content (g/kg) 31.4b 34.7a 2.7
Protein content (g/kg) 29.9 30.1 1.3
Fat yield (g/d) 1022b 1144a 98
Protein yield (g/d) 942 983 99
aMeans within a row with different superscript roman letters are significantly
(P < 0.05) different.



fat from cows fed the wheat diet than those fed the potato diet
(4.4 vs. 2.7 g/100 g of milk fat, P < 0.01). 

Analysis of milk fat also revealed traces (<0.05%) of satu-
rated medium-chain FA (anteiso 13:0, iso 13:0, iso 14:0, iso
16:0) and several long-chain FA (9c,11c-18:2, 18:3n-6,
20:5n-3, 22:0, 24:0; data not shown). 

The composition of positional isomers of trans octade-
cenoic acid also showed significant differences between the
two starch sources: There were significantly more trans oc-
tadecenoic acids with the double bond at positions 6 to 10 as
well as positions 14 and 15 in the milk fat of cows fed the
wheat diet than in the milk fat of those fed potatoes (Table 6).
This effect was particularly high (by nearly three times) for
trans-10 18:1. None of the positional isomers of trans 18:1
was higher in the milk fat of cows fed the potato diet.

DISCUSSION

Animal performance values showed that the type of starch
concentrate did not induce differences in dry matter intake,
milk yield, or milk protein. The main effect of these dietary
treatments was on milk fat, confirming previous results with
starch intakes over 7 kg/d (24). Similar observations have
been reported for comparisons of other starch sources with

different ruminal degradation rates fed in high amounts
(25–28). Variations in fat synthesis in the udder have been ex-
plained previously by differences in the production of lipid
precursors by the ruminal fermentation of starch (27–30).
Nevertheless, the glucogenic-insulin theory (31) cannot fully
explain the diet-induced decrease in milk fat found in this
study. Indeed, the altered VFA composition is more reflective
of a shift in the ruminal process than in a shortage of lipogenic
precursors for mammary gland synthesis (32). With our starch
sources, we observed a milk fat decrease without a difference in
VFA concentrations, which confirms previous observations (17).

The second explanation for differences in milk fat synthe-
sis is based on the inhibition of key enzymes for mammary
fat synthesis by trans FA. Gaynor et al. (33) showed that cows
responded to an increased level of barley starch (a rapidly
degradable starch) with decreased milk fat synthesis, and the
content of trans octadecenoate in milk fat increased substan-
tially (up to 3.6%). The relationship between a decrease in
milk fat and increased levels of trans octadecenoic acids in
milk fat has been reported previously (34,35). In our study,
the milk fat decrease in cows fed wheat could be explained
by the much higher content of trans octadecenoic acid for the
wheat diet compared with the potato diet. The trans 18:1 con-
tent of milk fat from cows fed the potato diet was in accor-
dance with the values of 2–3% generally reported (33,36–38).
However, the 4.4% content recorded for cows fed the wheat
diet was much higher than the percentages observed in trials
using classical dietary conditions.

More recently, a diet-induced decrease in milk fat was as-
sociated with a specific increase in trans-10 18:1 rather than
an increase in the total trans octadecenoic acids (39,40), es-
pecially in low-fiber diets (41). The level of this positional
isomer increased in fat-added low-fiber diets over the nor-
mally dominant trans-11 isomer (41,42) at the same time as
the fat content decreased. In our study, trans-11 18:1 was the
main isomer found with the potato diet, even though the pro-
portion of trans-10 18:1 was quite high. With the wheat diet,
the trans-10 isomer represented 44% of all trans octadecenoic
acid isomers. A highly negative correlation with the fat con-
tent also has been shown with the trans-6 to trans-8 and
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TABLE 5
Effect of Starch Source on Milk Fat Composition (wt%)a

Level of Root 
FA Wheat diet Potato diet significance mean SE

4:0 3.05b 3.36a 0.05 0.35
6:0 2.18b 2.46a 0.01 0.28
8:0 1.22b 1.46a 0.01 0.14
10:0 3.40b 3.69a 0.05 0.36
10:1 0.30b 0.37a 0.01 0.05
11:0 0.16 0.15 0.03
12:0 4.11 4.36 0.45
13:0 0.21 0.20 0.04
anteiso 14:0 0.04b 0.06a 0.01 0.01
14:0 11.6b 12.2a 0.01 0.41
14:1 1.45 1.49 0.18
iso 15:0 0.46 0.51 0.08
15:0 1.64 1.56 0.29
16:0 31.9b 33,8a 0.01 1.76
16:1 2.27 2.14 0.23
anteiso 17:0 0.40b 0.44a 0.05 0.05
iso 17:0 0.79 0.78 0.09
17:0 0.79 0.72 0.14
17:1 0.36a 0.33b 0.05 0.04
18:0 5.94 5.95 0.62
18:1t 4.41a 2.68b 0.01 0.91
18:1c 19.0a 17.7b 0.01 1.30
9c,11t-18:2 0.55 0.61 0.10
9c,12t-18:2 0.25 0.24 0.03
9c,13t-18:2 0.19a 0.16b 0.01 0.02
9c,12c-18:2 2.53a 1.98b 0.01 0.32
9t,12c-18:2 0.10 0.09 0.02
9c,12c,15c-18:3 0.24a 0.19b 0.01 0.04
20:0 0.07 0.07 0.01
11c-20:1 0.07a 0.04b 0.01 0.02
aMeans within a row with different superscript roman letters are significantly
different at the level indicated in the specific column.

TABLE 6
Effect of Starch Source on the Composition of trans 18:1 Isomers in
Milk Fat (wt%) Isolated by HPLCa

Level of Root
Wheat diet Potato diet significance mean SE

∆6 trans to 8 trans 0.31a 0.19b 0.05 0.11
∆9 trans 0.34a 0.21b 0.01 0.08
∆10 trans 2.12a 0.66b 0.01 0.95
∆11 trans 1.20 0.93 0.29
∆12 trans 0.32 0.28 0.05
∆13 trans 0.25 0.22 0.08
∆14 trans 0.23a 0.19b 0.01 0.02
∆15 trans 0.14a 0.12b 0.01 0.02
∆16 trans 0.12 0.12 0.04
∆17 0.04 0.04 0.01
aMeans within a row with different superscript roman letters are significantly
different at the level indicated in the specific column.



trans-9 isomers (43), but this is contrary to the results of other
authors (7,32). However, Piperova et al. (42) reported re-
duced activity of key enzymes for milk fat synthesis in the
udder, such as FA synthetase and acetyl-CoA carboxylase,
with diets inducing a decrease in milk fat and an increased
content of trans-10 18:1. Similar inhibitory effects were re-
ported with trans bonds in position 10 of CLA (41,45,46).
Conversely, trans-11 18:1 had only a minor effect on these
enzymes (47) but generally represented the main form of this
FA in milk fat (47,48). This distribution of the positional iso-
mers, and especially the greatly increased content of trans-10
18:1, indicated that in our study enzyme inhibition in the
mammary gland was the main reason for the decrease in milk
fat with our diets containing similar fiber contents and with-
out added fat.

Because trans octadecenoic acids are formed as intermedi-
ates in ruminal biohydrogenation, variations in the isomer
composition of TFA have to be associated with an altered ru-
minal environment, which is clearly reflected in pH differ-
ences (41). Indeed, a lower ruminal pH led to higher TFA con-
tents in milk fat, mainly of the trans-10 isomer, and scarcely
affected the trans-11 isomer (41). Several studies (10,11,49)
have shown that high levels of starch concentrates in the diet
cause a drop in pH. These high levels of concentrates were
generally based on corn grains, a slowly degradable starch.
With similar concentrate levels in both diets, we observed a
greater drop in pH with the more rapidly degraded wheat
starch, especially around the fermentation peak of 4–5 h after
feed intake. The increase of trans-10 18:1 with the wheat diet
could therefore be associated with ruminal fermentation. In-
deed, both diets had a similar composition; the starch sources
compared here supplied similar profiles of FA and were rich
in the main source of biohydrogenation (18:2). The greater
drop in ruminal pH observed with the rapidly degraded wheat
diet and the very high proportion of trans-10 18:1 in milk fat
suggest an effect on biohydrogenation in our study similar to
that reported in the literature for fat-added high-concentrate
diets (7,10,11,13,33). Further studies are needed to determine
whether differences in the drop in pH affect the population of
ruminal microbes and also to understand their consequences
for the different biohydrogenation steps. 

This study showed that dietary starch sources with differ-
ent velocities of degradation induced a change in the amount
and composition of milk fat. Hence, not only the forage/starch
concentrate ratio and fat addition can be used to control these
parameters. The diet containing rapidly degraded wheat
starch led to a stronger postprandial drop in pH without af-
fecting the VFA concentration or composition in the rumen.
In other dietary conditions, an incomplete biohydrogenation
of PUFA in the rumen has been shown to increase trans-10
18:1 levels and decrease milk fat. We also observed a large
increase in the octadecenoic acid content of milk fat in our
study, especially the trans-10 isomer. The observed decrease
in milk fat can be explained by enzyme inhibition via these
TFA in the mammary gland, an effect which was shown in the
literature.

More detailed work is necessary to demonstrate how vari-
ations in the velocities of starch degradation in diets with
identical starch concentrate levels could change the pH,
thereby affecting biohydrogenation and resulting in high TFA
levels. These studies should focus especially on ruminal
processes to elucidate the microorganisms involved. Finally,
the inhibition of specific enzymes in the mammary synthesis
of lipids by isomers of TFA—which have been only partially
studied in the literature—should be confirmed. 
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ABSTRACT: The effect of the interaction of CLA and type of di-
etary protein on lipid metabolism was studied in male rats by
feeding diets containing casein (CAS) or soy protein (SOY) as di-
etary protein and either linoleic acid (LA, a control FA) or graded
levels of CLA at 0, 0.1, 0.5, and 1.0% for 28 d. CLA reduced the
weight of perirenal adipose tissue in a dose-dependent manner,
but the magnitude of the reduction was greater when rats were
fed SOY. Feeding SOY resulted in a significant reduction of the
concentrations of serum total and HDL cholesterol, TG, glucose,
and insulin irrespective of dietary CLA. The concentration of
serum leptin tended to be lower on the SOY diet free of CLA than
in the corresponding CAS diet, but it fell with an increasing di-
etary level of CLA in the CAS groups. In contrast, serum leptin
tended to increase when CLA was added to SOY diets. The con-
centration of serum adiponectin was higher in the CAS than in
the SOY groups, and it tended to increase in response to dietary
CLA levels in the CAS-fed rats, whereas CLA showed no effect in
SOY-fed rats. The activity of liver mitochondrial carnitine palmi-
toyltransferase was higher in the SOY than in the CAS groups, but
it tended to increase with an increasing dietary level of CLA in
both protein groups. Although the body fat-reducing activity of
CLA was more effective when the protein source was SOY, rats
fed CAS appeared to be more susceptible to CLA than in those
fed SOY with respect to cytokines examined. These results sug-
gest that the type of dietary protein may modify the antiobesity
activity of CLA.

Paper no. L9369 in Lipids 39, 25–30 (January 2004).

CLA has various beneficial physiological functions such as an-
ticarcinogenic, antiobesity, and antiatherogenic activities (1–5).
However the response of animals to CLA differs from species
to species, and humans appear to be the least responsive ani-
mal (6). From the threshold level of CLA in the inhibition of
mammary carcinogenesis in rats (7), an estimated intake of ap-
proximately 5 g/d is recommended for humans (4). However, a
series of human studies on the body fat-reducing activity of

CLA showed no unequivocal results over a wide range of
dosages (8–13). It is therefore appropriate to examine the abil-
ity of dietary components to enhance the activity of CLA to re-
duce dietary CLA levels, because CLA may also produce un-
favorable side effects such as an elevation of blood glucose
(14–17). If the reinforcing effects of various food ingredients
on the physiological functions of CLA can be defined, the ad-
ministration of CLA can be made more beneficial for humans.
In a previous study, we showed that the weights of white adi-
pose tissues in rats fed CLA were low when the protein source
was soy protein (SOY) compared to casein (CAS) (18).

In this context, we studied the modifying effect of dietary
protein type on the body fat-reducing activity of CLA in rats in
more detail. Thus, growth parameters, adipose tissue size, con-
centration of serum components related to lipid metabolism,
and hepatic FA β-oxidation activities were measured in rats fed
either SOY or CAS diets with graded levels of CLA.

MATERIALS AND METHODS

Animals and diets. Four-week-old male Sprague-Dawley rats
were purchased from Seac Co. (Fukuoka, Japan) and housed in-
dividually in stainless steel cages in an air-conditioned (22–
23°C) and light-controlled (lights on 0800–2000) room. During
a an acclimation period of 1 wk, commercial pellets (Type NMF;
Oriental Yeast Co., Tokyo, Japan) and water were given freely.
Thereafter, rats were randomly allocated to one of the eight dif-
ferent diets (eight rats per group), stratified for the content of
CLA and the source of dietary protein. Experimental diets were
prepared as a powder according to the AIN-93G formula and
contained 7% dietary fat (6% soybean oil and 1% high-linoleic
safflower oil) (19). CLA (0, 0.1, 0.5, and 1.0%) was added at the
expense of safflower oil (both donated by Rinoru Oil Mill Co.,
Tokyo, Japan). CLA containing 34.1% 9c,11t-, 35.9% 10t,12c-,
2.5% c,c-, and 1.6% t,t-isomers was used. Dietary protein
sources were CAS (Seac Co.) and SOY (Fujipro R; Fuji Oil Co.,
Osaka, Japan) at the 20% level. Diets and water were freely
given for 28 d. At the end of the feeding period, blood was with-
drawn from the abdominal aorta of the animals under diethyl
ether anesthesia, and serum was harvested. The blood was drawn
from 9 AM without food deprivation. The visceral tissues were
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excised immediately, rinsed, and weighed. This study was done
in accordance with the Guidelines for Animal Experiments ap-
proved by the Prefectural University of Kumamoto.

Analyses. The concentrations of serum glucose, total and
HDL cholesterol, and TG, and the activities of glutamic-
oxaloacetic transaminase (GOT) and glutamic-pyruvic trans-
aminase (GPT) were measured using commercial enzymatic
kits (all from Wako Pure Chemicals, Osaka, Japan). HDL cho-
lesterol was measured by precipitating lipoproteins other than
HDL with heparin in the presence of manganous (Mn2+) ions.
The concentration of serum insulin was measured by a rat in-
sulin enzyme immunoassay kit (SPI-BIO, Massy Cedex,
France). The concentration of serum leptin was measured by a
commercial rat ELISA kit (Yanaihara Institute Inc., Shizuoka,
Japan). The concentration of serum adiponectin was measured
by a mouse/rat ELISA kit donated by Otsuka Pharmaceutical
Co. (Tokyo, Japan). The activity of carnitine palmitoyltrans-
ferase in liver mitochondria was measured by the method of
Bieber et al. (20). 

Statistics. Results were presented as means ± SE. Data were
analyzed by two-way ANOVA to test statistical difference of
the means among groups followed by the Tukey–Kramer test
to identify significant differences using a StatView software
system (version 5.0, SAS Institute Inc., Cary, NC). Differences
were considered significant at P < 0.05.

RESULTS

Effects on growth parameters and tissue weights. There was no
difference in food intake among the groups (Table 1). However,
body weight gain and food efficiency were significantly higher
in rats fed CAS than in those fed SOY (both P < 0.001), al-
though the difference became small with an increasing dietary
level of CLA due to a reduction of weight gain in the CAS
groups. CLA did not influence weight gain and food efficiency
when the protein source was SOY.

No demonstrable differences were observed in relative
weights (g/100 g body weight) of liver, heart, lung, and spleen,
but the weight of kidney was significantly higher in rats fed
SOY (P < 0.01). There was a significant difference in the
weight of kidney only in the case of the 0.1% CLA diet be-
tween CAS and SOY groups. The liver weight of the SOY
groups tended to be heavier as dietary CLA increased, but no
such CLA effect was observed in the CAS groups.

There was a significant effect of dietary protein on perirenal
adipose tissue weight, which was lower in the groups of rats
fed SOY compared with the corresponding groups of rats fed
CAS as shown in Figure 1. The weight of perirenal adipose tis-
sue decreased in response to the dietary CLA level in both pro-
tein groups, but the magnitude of the reduction was compara-
ble in terms of both the absolute and relative effects. Thus, the
weight of perirenal adipose tissue reached a plateau at 0.5%
CLA in the SOY group, whereas it was lowest at 1.0% CLA in
the CAS group. In contrast, the protein effect was less marked
in epididymal adipose tissue weight, although the 1.0% CLA
diet tended to reduce it in either protein group. There was no
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significant difference in the weight of intrascapular brown adi-
pose tissue, but it tended to be higher in the SOY groups than
in the corresponding CAS groups. CLA tended to increase the
weight of brown adipose tissue in both groups of rats.

Effects on serum components. As shown in Table 2, the con-
centrations of serum total and HDL cholesterol, TG, glucose,
and insulin were demonstrably higher in the CAS groups in re-
lation to the SOY groups, whereas the concentration of serum
total protein was comparable between these protein groups. Al-
though the concentrations of total and HDL cholesterol were
higher in the groups of rats fed CAS, there was a trend toward
a reduction when the diet containing 1.0% CLA was fed. The
GOT and GPT activities were modified neither by the type of
dietary protein nor by the dietary CLA level. 

As Figure 2 shows, the concentration of serum leptin was
higher in the CAS than in the SOY groups when no CLA was
added to the diets. It tended to fall with an increasing dietary
level of CLA in rats fed CAS (801 ± 65, 795 ± 144, 623 ± 92,
and 537 ± 102 pg/mL for rats fed CAS and 0, 0.1, 0.5, and 1.0%
CLA). No such effect was observed in rats fed SOY, and leptin
tended to increase when CLA was included in the diets. There
was apparently no effect of dietary protein on the concentra-
tion of serum adiponectin, but it tended to increase when the
dietary CLA level was above 0.5% in the CAS group and at
1.0% in the SOY group.

Reflecting these response patterns in serum cytokines, a
weak negative correlation was observed between serum con-
centrations of adiponectin and leptin when rats were fed CAS
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FIG. 1. Effects of dietary protein and CLA on adipose tissue weight. Values are means ± SE of six rats per group. The
results of the two-way ANOVA indicated significant protein (P < 0.05) and CLA (P < 0.01) effects in the body weight
(bw) of perirenal adipose tissue, but not in the weight of epidydimal and brown adipose tissue. Different letters
(A,B) or the same symbol (*) indicates a significant difference at P < 0.05 among groups.

FIG. 2. Effects of dietary protein and CLA on serum leptin and adiponectin. Values are means ± SE of six rats. The
results of the two-way ANOVA indicated a significant protein effect (P < 0.05) on the concentration of serum
adiponectin, whereas CLA did not affect it. There were no significant effects of protein or CLA in the concentration
of serum leptin, although it tended to decrease with an increasing CLA level in the CAS group.



(R2 = 0.160). In contrast, the correlation coefficient was posi-
tive in rats fed SOY (R2 = 0.028). It is interesting that different
correlations were shown by the different dietary protein
sources, although the correlation coefficients were weak.

Effects on hepatic FA β-oxidation. Figure 3 summarizes the
effects of protein and CLA on the rate of FA β-oxidation in rat
liver. The activity of mitochondrial carnitine palmitoyltrans-
ferase (CPT), a key enzyme in mitochondrial FA β-oxidation,
was higher in the SOY than in the CAS groups, but it increased
with an increasing dietary level of CLA in both protein groups.
CPT activity appeared to reach a plateau at a 0.5% level of
CLA in both protein groups. 

DISCUSSION

Dietary protein modifies several parameters of lipid metabo-
lism, and SOY in relation to CAS reduces serum cholesterol
and stimulates FA oxidation in several animal species includ-
ing humans (21–23). Therefore, the use of SOY as a dietary
protein source is expected to augment the body fat-reducing
potential of CLA. In the previous study (18), we found that
SOY, compared with CAS, reduced the weight of white adipose
tissue and that sesamin, a lignan abundant in sesame seed and
oil, when fed simultaneously, further stimulated the reduction
of body fat in rats fed CAS. In the present study, the anti-
obesity effect of SOY compared with CAS was confirmed. In
addition, the antihypercholesterolemic effect of SOY was not
affected by CLA, indicating the benefit of this combination.
However, the dose-dependent response of body fat to dietary
CLA was more marked in rats fed SOY than in those fed CAS,
although the effect of CLA on other parameters related to adi-
pogenesis, such as measured concentrations of serum cytokines,
was rather marked when rats were fed CAS in relation to SOY.

Dietary CLA induces liver enlargement in experimental an-
imals, particularly in mice (24). The effect is not consistent in
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(P < 0.01) effects in the carnitine palmitoyltransferase (CPT) activity.
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rats (25). The liver weight tended to increase with an increas-
ing dietary level of CLA in the SOY group, whereas no such
effect was observed in the CAS group (Table 1). This observa-
tion again indicates the importance of dietary protein type in
evading the untoward effects of CLA.

In this study, the concentration of serum glucose tended to
increase with increasing dietary CLA level in the CAS group,
whereas no such effect was observed in the SOY group. The
concentration of serum glucose reportedly increased with in-
creasing dietary level of CLA in adult male rats (14). In con-
trast, the SOY diet decreased body fat content and plasma glu-
cose levels more effectively than the isocaloric CAS diet in
obese mice (26). SOY may blunt the serum glucose-raising ef-
fect of CLA in rats.

When rats were fed diets free of CLA, the serum concentra-
tion of leptin was low in rats fed SOY (Fig. 2), but a dose-
dependent reduction with feeding of CLA was observed only
in rats fed CAS. No such CLA effect was confirmed in rats fed
SOY. The response of serum adiponectin to dietary CLA was
noted in both groups of rats, and it was increased by dietary
CLA. Adiponectin, in contrast to leptin, has been shown to pro-
duce situations favorable for health maintenance, such as regu-
lation of insulin sensitivity, antiarteriosclerotic activity, and an
increase in FA β-oxidation (23,27,28). Thus, these beneficial
effects of adipocytokine may be expected when the protein
source is CAS. A positive correlation has been shown between
white adipose tissue weight and serum leptin concentration,
whereas there is a negative correlation between visceral adi-
pose tissue size and serum adiponectin concentration (29,30).
Thus, the ratio of leptin to adiponectin may serve as an obesity
index (31,32). In the present study, however, a weak negative
correlation was observed in the concentrations of serum cy-
tokines when rats were fed CAS, but not SOY. In the SOY
groups, the correlation was rather positive, although the corre-
lation coefficient was negligibly small in both cases. In the
obese mouse model, dietary protein did not significantly influ-
ence the plasma adiponectin concentration and adiponectin
mRNA level in adipose tissue (26). In this context, the differ-
ent diurnal rhythms between adiponectin and leptin should be
taken into consideration for the response to dietary manipula-
tions of these cytokines (33). The observation that the concen-
tration of serum glucose did not increase with increasing di-
etary CLA level in the SOY group may indicate the importance
of the dietary protein source in the regulation of glucose me-
tabolism (34,35). These observations indicate that dietary pro-
tein influences the response of these cytokines differently, sug-
gesting a probable role of dietary protein in the manifestation
of a CLA effect.

The hepatic activity of CPT, the key enzyme in FA β-oxida-
tion, was higher in rats fed SOY than in those fed CAS, in accor-
dance with our previous observation (18). However, the activity
increased in both protein groups by feeding CLA, although it still
tended to be higher in the SOY groups than in the corresponding
CAS groups.

These observations suggest that SOY itself has the potential
to reduce body fat, and that CLA exhibited a limited additional

effect when SOY was fed simultaneously. In contrast, the body
fat-increasing potential of CAS can be controlled by CLA.

Serum chemistries related to indices of antiobesity activity
were found to depend largely on the dietary level of CLA in
rats fed CAS. In rats fed SOY, the CLA effects were obscure,
probably owing to the potent body fat-reducing activity of SOY
in relation to CAS (20), although this plant protein reduced
perirenal adipose tissue weight more than animal protein did.
Thus, an appropriate selection of dietary protein is important to
reinforce the favorable health effects of CLA. When considering
a current trend in the developed countries of ingesting more ani-
mal foods, CLA may serve to ameliorate various health hazards.
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ABSTRACT: The effect of dietary CLA and n-3 PUFA on hepatic
TAG accumulation, histopathology, and FA incorporation in lipid
classes by laying chickens was investigated. One hundred twenty
30-wk-old single-comb white leghorn laying hens were distributed
randomly to four treatments (3 replications of 10 birds) and were
fed diets containing CLA and animal fat (Diet I), 18:3n-3 (Diet II),
or long-chain n-3 FA (Diet III). A sunflower oil (n-6 FA)-based diet
was the control. Feeding Diet I resulted in an increase in hepatic
total lipids (P < 0.05). The liver TAG content was 32.2, 18.9, 29.4,
and 18.7 mg/g for hens fed Diet I, Diet II, Diet III, and the control
diet, respectively (P < 0.05). The serum TAG was lowest in birds
fed Diet II (P < 0.05). Diet I resulted in an increase in the total num-
ber of fat vacuoles and lipid infiltration in hepatocytes (P < 0.05).
The number of cells with 75% or higher lipid vacuolation was
observed only in birds fed Diet I. Feeding diets containing CLA
resulted in an increase in the content of the c9,t11 CLA isomer in
liver TAG and PC (P < 0.05). No difference was observed in the
CLA concentration of hepatic PE fractions. The content of DHA
(22:6n-3) was higher in the TAG, PC, and PE of hens fed Diet II and
Diet III than Diet I and the control (P < 0.05). Feeding CLA resulted
in an increase in total saturated FA in the TAG and PC fractions
(P < 0.05). Long-term feeding of CLA in laying birds leads to an in-
crease in liver TAG and may predispose birds to fatty liver hemor-
rhagic syndrome.

Paper no. L9344 in Lipids 39, 31–36 (January 2004).

The health-promoting effects of certain FA such as n-3 PUFA
and CLA have recently attracted great attention. This includes
the TAG-lowering, antiatherosclerotic, and antiarrhythmic
properties of n-3 PUFA (1,2), as well as the anticarcinogenic
and antiatherogenic properties of CLA (3). Other beneficial ef-
fects of CLA include body fat reduction, immunomodulation,
and antioxidant properties (3–5). Animal products contribute
up to 70% of the total FA in typical Western diets. This includes
CLA and n-3 PUFA. CLA are contributed predominantly by
food lipids of ruminant animals, and n-3 PUFA are contributed
by marine products and plant sources such as flaxseed and
canola oils. Current intake of CLA is estimated to be several
hundred milligrams per day (6). Based on animal data, it is es-
timated that approximately 3 g/d of CLA would be required to
produce beneficial effects in humans (7). However, as Ameri-
cans are opting for low-fat dairy and beef products and choos-

ing more poultry products than beef, it is likely that the dietary
contribution of CLA and n-3 PUFA will be further reduced in a
typical U.S. diet. As a result, feeding strategies have been
adopted by the poultry industry to enrich poultry meat and egg
lipids with n-3 PUFA and CLA (8). However, the reported
studies were short-term feeding trials—under 6 wk—and
focused on CLA and PUFA enrichment in egg lipids with little
emphasis on potential adverse effects on bird health. 

Dietary FA in poultry are contributed by animal- or vege-
table-blend oils that are high in saturated and n-6 FA. Liver is
the primary site of de novo FA synthesis in avians. The major
route of FA absorption in birds is by mixed micelle formation.
The rudimentary lymphatic system in birds causes the chylomi-
crons to be absorbed directly into the portal blood for transport
to liver. Such a feature also predisposes laying birds to a patho-
logical condition called fatty liver hemorrhagic syndrome
(FLHS). FLHS is characterized by increased abdominal fat,
multiple hemorrhages, and hematomas of an overtly fatty liver.
A high percentage of commercial layers and companion birds
develop FLHS, causing the hepatocytes to distend with fat vac-
uoles, resulting in rupture and death (9). Long-term feeding of
n-3 PUFA from flaxseed (10) and fish oils (11) has been re-
ported to increase the incidence of FLHS. Recent studies from
our laboratory demonstrated increased hepatic lipid infiltration
and lipidosis when CLA, a naturally occurring trans FA, was
included in hen diets (12). In broiler birds, feeding CLA has
been reported to reduce hepatic lipid and TAG content (13).
These results suggest that FA chain length, number of double
bonds of FA, type of bond (cis vs. trans), and the metabolic sta-
tus of birds may affect lipid partitioning by hepatic tissue lead-
ing to FLHS. The objectives of the present study were to inves-
tigate the long-term effects of feeding CLA and n-3 PUFA on
TAG content, hepatic histopatholgy, and pattern of FA incor-
poration in hepatic tissue lipid classes in a biological system in
which the liver plays a key role in fat metabolism, as in laying
hens. Both land-based and marine-based n-3 PUFA were used
along with an n-6 FA-based control diet. 

MATERIALS AND METHODS 

These experiments were reviewed by the Oregon State Univer-
sity Animal Care Committee to ensure adherence to Animal
Care Guidelines.

Diets. Isocaloric (2900 kcal/kg feed) and isonitrogenous
(16% crude protein) experimental rations were formulated with
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2% animal fat and 1% CLA (Diet I), 1% flaxseed oil + 2%
canola oil (Diet II), 3% menhaden (fish) oil (Diet III), and 3%
sunflower oil (Control). The composition of the diet is shown
in Table 1. Flaxseed and canola oils were used as a source of
18:3n-3, and fish oil was used as a source of >20-carbon n-3
FA. A sunflower oil rich in n-6 FA was  used in the control
diet. The FA composition of the diets is shown in Table 2. The
flaxseed, canola, and sunflowerseed oils were purchased from
the local market, and fish oil was donated (Omega Protein,
Inc., Reedville, VA). The CLA oil containing 75% FFA was
donated from a commercial source and was made up of equal
amounts of c9,t11 and t10,c12 CLA isomers (Pharmanutri-
ents, Lake Bluff, IL). The diets were mixed weekly and stored
before use in a cold room (4°C) in airtight containers. 

Birds. A total of 120 thirty-week-old single-comb white
leghorn laying hens were weighed and distributed randomly
to the experimental diets (3 replications of 10 birds each). The
birds were kept individually in cages and were maintained on
a 16-h/8-h light/dark photoperiod and standard conditions of
temperature and ventilation as per Oregon State University
Poultry Farm standard operating procedures. Water and feed
were provided ad libitum. Feed intake was measured on a
weekly basis. The experiment was conducted for 80 d.

Sample collection. After 80 d of feeding the experimental
diets, 6 birds per treatment (2 birds per replicate) were ran-
domly selected. The birds were killed by decapitation, and
liver tissue was harvested by a veterinary pathologist at the
Oregon State University Veterinary Hospital. Liver weights
were recorded. On day 40 of feeding, a total of 6 eggs per
treatment (2 per replicate) were collected. 

Hepatic histopathology and criteria for fat scoring. A slice
of liver about 1 × 1 × 0.5 cm thick was taken from the right
lobe of each hen, fixed in 10% neutral buffered formalin for
48 h, embedded in paraffin, sectioned (8 µm), and stained
with hematoxylin and eosin stain prior to microscopic exami-
nation as reported previously (12). For each section of liver,
three randomly located areas were graded at 40× magnifica-
tion using a grid within a 10× ocular piece. Approximately 20
hepatocytes would be expected to fall within the limits of the
grid. Fat content of each grid was assessed in two patterns: (i)
total number of fat vacuoles in the grid and (ii) number of
cells within the grid having >75% lipid vacuolation of cyto-
plasm. For each method, the sum total from each bird was di-
vided by three to give an average value per grid (12). A fat
vacuole was considered to be any nonstaining area of cyto-
plasm with a sharply defined border. The two methods were
used, as it is common for lipid-laden cells to be largely occu-
pied by only one or two vacuoles in severe fatty metamorpho-
sis. A single section from each bird was assessed in this man-
ner. A final average for each group was then calculated. The
remaining liver tissue was kept frozen (−20°C) for further
lipid analysis. 

Lipid analyses. Total lipids were extracted from feed, egg
yolk, and liver tissues by the method of Folch et al. (14). One
gram of sample was weighed into a screw-capped test tube

with 20 mL of chloroform/methanol (2:1, vol/vol), and homog-
enized with a polytron (Type PT10/35; Brinkman Instruments,
Westbury, NY) for 5 to 10 s at high speed. After an overnight
incubation at 4°C, the homogenate was filtered through What-
man #1 filter paper into a 100-mL graduated cylinder, and 5
mL of 0.88% sodium chloride solution was added and mixed.
After phase separation, the volume of lipid layer was recorded,
and the top layer was completely siphoned off. Total lipids
were determined gravimetrically after evaporating the solvent. 

About 5 mL of the lipid extract was put in a glass scintilla-
tion vial, was concentrated under nitrogen at 40°C, and was re-
dissolved with an appropriate amount of chloroform to provide
a sample with 100 mg lipid. This was applied to precoated sil-
ica gel G plates (20 × 20 cm) that had been previously activated
by heating at 70°C for 1 h. Lipid standards (TAG, PC, and PE)
were applied beside the lipid extracts. The plates were devel-
oped in chloroform/methanol/water (65:25:4) (15) to 10 cm
from the origin (25 min) and then in hexane and diethyl ether
(4:1) to 17 cm from the origin (20 min). The plates were air-
dried and then sprayed with 0.1% (wt/vol) 2′,7′-dichlorofluo-
rescein in ethanol. The spots corresponding to TAG, PC, and
PE were identified under UV light and were scraped off into
screw-capped tubes. The total lipid, TAG, PC, and PE were re-
dissolved in 2 mL boron trifluoride/methanol methylation solu-
tion and were incubated in a boiling water bath for 1 h at
90–100°C (12). After cooling to room temperature, the FAME
were separated with hexane and distilled water. 

Analysis of FA composition was performed with an HP
6890 gas chromatograph (Hewlett-Packard Co., Wilmington,
DE) equipped with an autosampler, FID, and fused-silica cap-
illary column, 100 m × 0.25 mm × 0.2 µm film thickness (SP-
2560; Supelco, Bellefonte, PA). Sample (1 µL) was injected
with helium as a carrier gas onto the column programmed for
ramped oven temperatures (initial temperature was 110°C,
held for 1.0 min, then ramped at 15.0°C/min to 190°C and
held for 55.0 min, then ramped at 5.0°C/min to 230°C and
held for 5.0 min). Inlet and detector temperatures were both
220°C (12). Peak areas and percentages were calculated using
Hewlett-Packard ChemStation software. FAME were identi-
fied by comparison with retention times of authentic stan-
dards (Matreya, Pleasant Gap, PA). FA values and total lipids
are expressed as weight percentages. 

Liver TAG were estimated by adapting an enzyme-based
procedure with colorimetric end point, originally developed
for serum. The liver tissue total lipid extract served as sub-
strate. A glycerol standard (G1394-5ML; Sigma Diagnostics,
St. Louis, MO) was used for calibration of the assay, and
Accutrol normal control serum (2034-1 VL; Sigma) was used
for quality control.

Statistical analysis. The effect of dietary oils on hepatic
lipid class FA and hepatic histopathology were analyzed by
ANOVA using SAS (version 8.2) (SAS Institute, Cary, NC).
The Student–Newman–Keuls multiple range test (16) was
used to compare differences among treatment means (P < 0.05).
Mean values and SEM are reported. 
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RESULTS AND DISCUSSION

The FA composition of the diets reflected the supplemented oil
source (Table 1). CLA was present only in the CLA-supple-
mented diet (Diet I) and consisted of c9,t11 and t10,c12 at 4.1
and 2.9%, respectively. Inclusion of flaxseed oil and fish oil
resulted in the incorporation of 18:3n-3 and 22:6n-3 in Diets II
and III, respectively. Linoleic acid (18:2n-6) was the major FA
in the control diet and constituted 55.2%. The addition of differ-
ent oils also kept the total n-6/n-3 ratio in the test diets at an av-
erage of 2.7 compared with 26.6 for the control diet (Table 2).
Performance of hens was measured for 120 d (test period). The
average feed consumption/bird/d was 107 g for Control and Diet
I and 106 g for Diet II and Diet III, respectively (P > 0.05). The
hen day egg production was 88.5, 91.3, 90.8, and 90.9 for Con-
trol, Diet I, Diet II, and Diet III, respectively (P > 0.05). Hen day
production is calculated from the following formula:

[1]

No difference was observed in the egg weight among different
treatments (P > 0.05).

Gross necropsy findings. No significant abnormalities were
noted in any of the birds examined with the exception of he-
patic changes. The liver tissues from Diet I fed hens were pale
and swollen with hemorrhages along the edges. Livers from

Diet II and Diet III had normal to good color. Livers of the con-
trol diet had a mild pallor with yellowing and focal hemor-
rhages at the edges in three cases. 

Hepatic histopathology. The liver tissue from hens fed Diet
I had the most significant pathology, including the most exten-
sive fat deposition and numbers of cells with 75% vacuolation.
Extensive hepatocytic vacuolation due to fat deposition was
observed in hens fed Diet I (Table 3). Large vacuoles contain-
ing fat distended many hepatocytes. The total number of fat
vacuoles per grid and the number of hepatocytes with greater
than 75% cytoplasmic vacuolation were higher (P < 0.05) in
Diet I (Fig. 1). The control diet resulted in the fewest vacuoles
per grid, at 0.67, when compared with the 36.7 for Diet I
(P < 0.05). In addition to scoring the liver for fat deposition,
the sections were examined for other lesions. The pathology
report indicated other abnormalities associated with fatty liver,
such as dilated sinusoids, intrasinusoidal fibrin deposition,
telangiectasis and lymphocyte aggregates, and an increased

( )100 ×
×

number of eggs laid

(number of hens  days on diet)
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TABLE 1
Composition of Experimental Diets

Ingredients Percentage Calculated analyses

Corn 38.5 Metabolizable
Wheat middling 29.5 energy (kcal/kg) 2900
Wheat grain 10.0 Crude protein (%) 16
Soybean meal 9.0 Calcium (%) 3.7
Limestone 6.5
Dicalcium phosphate 2.5
Salt 0.5
Oil sourcea 3.0
Layer premixb 0.5
aOil source includes 2% animal fat + 1% CLA (Diet I), 1% flax oil + 2%
canola oil (Diet II), 3% menhaden (fish) oil (Diet III), and 3% sunflower oil
(Control).
bSupplied per kg feed: vitamin A–12,500 IU; vitamin D3–4000 IU; vitamin
E–25 IU; vitamin B12–0.014 mg; riboflavin–8 mg; pantothenic acid–12 mg;
niacin–40 mg; menadione–2.5 mg; choline–500; thiamine–1.75 mg; sele-
nium–0.264 mg; folic acid–0.75 mg; pyridoxine–2 mg; D-biotin–0.15 mg;
ethoxyquin–2.5 µg. 

TABLE 2
Major FA Composition of Laying Hen Diets

Dietary treatmentsa

FA Control Diet I Diet II Diet III

16:0 13.9 16.3 13.8 13.6
16:1 0.0 0.0 0.0 7.2
18:0 4.6 4.4 4.8 4.7
18:1 22.8 26.4 32.2 18.2
18:2 55.2 32.5 35.0 29.5
18:3n-3 2.1 2.1 11.9 2.5
c9,t11 CLA 0.0 4.1 0.0 0.0
t10,c12 CLA 0.0 2.9 0.0 0.0
20:5n-3 0.0 0.0 0.0 4.4
22:5n-3 0.0 0.0 0.0 0.8
22:6n-3 0.0 0.0 0.0 3.4
Total SFA 20.0 21.6 20.9 32.6
Total MUFA 22.8 26.4 32.2 25.5
Total PUFA 57.2 52.0 46.9 41.9
Total CLA 0.0 7.0 0.0 0.0
Total n-6 PUFA 55.2 32.5 35.0 29.5 
Total n-3 PUFA 2.1 2.1 11.9 11.0
Total n-6/total n-3 26.6 2.6 2.9 2.8
aThe control diet contained 3% sunflower oil. Diet I—2% animal fat +
1% CLA;  Diet II—1% flax oil + 2% canola oil, Diet III—3% fish oil.
Values are reported as percent total FA. SFA, saturated FA  (14:0 + 16:0
+ 18:0 + 20:0 + 22:0 + 24:0); MUFA, monounsaturated FA (16:1 + 18:1
+ 20:1 + 22:1 + 24:1); CLA includes c9,t11 and t10,c12. Total PUFA
includes total n-6 + total n-3 + total CLA. 

TABLE 3
Hepatic Total Lipid and TAG Content of Laying Hens Fed CLA or n-3 FAa

Dietary treatments

Control Diet I Diet II Diet III SEM

Total lipid (g/g of liver) 0.070b 0.170a 0.066b 0.087b 0.02
Liver TAG (mg/g) 18.69b 32. 21a 18.86b 29.42a,b 2.94
Serum TAG (mg/dL) 403.17a,b 426.50a 357.50b 380.80a,b 12.68
Number of fat vacuoles/grid 0.67b 36.7a 1.10b 5.6b 3.045
aMeans with different superscripts within a row differ significantly (P < 0.05), n = 6. The control diet contained 3% sun-
flower oil. Diet I—2% animal fat + 1% CLA; Diet II—1% flax oil + 2% canola oil; Diet III—3% fish oil. 



incidence of single-cell necrosis in the hepatic tissue from
hens fed Diet I. Although no difference was found in liver
weight as a percentage of body weight, lipid infiltration was
significantly altered in hens fed Diet I. These results corrobo-
rate our previous research (12). 

Liver lipids, TAG, and FA. A significant effect of dietary
CLA on hepatic total lipid was noted. Livers from hens fed
Diet I contained approximately 2.5 times the total lipids
found in the other diets (P < 0.05) (Table 3). The increase in
total lipid corroborates our previous findings (12) and those
reported in mice (17) and fish (18). Profound t10,c12-CLA-
mediated changes in the pattern of hepatic gene expression,
contributing to fat accumulation leading to hepatomegaly,
were reported in mice (19). The increase in liver lipids was
associated with an increase in hepatic TAG concentration
(P < 0.05) (Table 3). The birds fed the control diet had lower
liver TAG (P < 0.05) than Diet I, but no difference was ob-
served between the serum TAG of these two treatments, sug-
gesting that dietary CLA may affect TAG channeling in the
hepatic tissue. In broiler chickens, feeding CLA has been re-
ported to reduce hepatic TAG and total lipids (13). The reduc-
tion in hepatic total lipids in broiler birds fed diets containing
CLA reported by Badinga et al. (13) was also observed in our
laboratory (Cherian, G., and Goeger, M.P., unpublished data).

Unlike mammalian species, de novo FA synthesis occurs
exclusively in the liver in avian species. This discrepancy
observed between laying birds and broiler birds may possibly
be due to the physiological state of laying birds. The increase
in liver total lipids and hepatic lipidosis was observed from
our previous research when CLA was fed to laying birds for
a short-term (6-wk period) feeding trial (12), simulating the
time span over which broiler birds are usually fed or raised.
The high lipid turnover in laying birds imposes an extra meta-
bolic demand, suggesting that a species- and strain-specific
CLA-responsiveness leading to enhanced TAG accumulation
may exist in laying birds. The significant changes in hepatic
histopathology and TAG accumulation observed in Diet I
birds suggest that dietary CLA, even at a low level, may in-
fluence hepatic lipid metabolism and subsequently may con-
tribute to FLHS. Understanding how dietary FA control lipid
partitioning in egg-laying birds is critical to formulating diets
that can minimize FLHS. To our knowledge, effects of dietary
CLA on liver TAG concentrations in laying birds have not
been previously reported. The CLA oil used in the present
study contained both t10,c12 and c9,t11 isomers at 4.1 and
2.9% and were in an FFA form. The effects of using CLA in
other forms such as TAG need to be investigated. A positive
energy balance has been reported to cause FLHS in hens and
companion birds (20). In the current study, the experimental
diets were isocaloric, and the total fat in the laying hen ration
was 3%, which is within the range for laying chickens. 

The FA composition of liver TAG, PC, and PE was signif-
icantly affected by diet (P < 0.05) (Table 4). The c9,t11 iso-
mers were higher (P < 0.05) in liver from hens fed Diet I in
the TAG and PC fractions and were not detected in PE. The
c9,t11 isomer was the only isomer detected in liver tissue. The
increase in CLA was at the expense of oleic acid (18:1) in
TAG. The saturated FA content increased in TAG and PC of
birds fed Diet I (P < 0.05). Even a minor increase in CLA re-
sulted in a dramatic change in the concentration of palmitic
(16:0) and stearic acids (18:0) in TAG and PC (P < 0.05).
However, the reduction in oleic acid and the increase in satu-
rated FA by incorporating CLA were not detected in PE sug-
gesting that CLA feeding may have differential effects on he-
patic phospholipid classes in birds. Inclusion of n-3 FA from
fish oil and the flaxseed oil–canola oil mix resulted in an
increase in 22:6n-3 in TAG, PC, and PE with a preferential
channeling in PE. 

The FA composition of egg yolk is shown Table 5. The FA
composition of egg yolk reflected the liver FA of the hens
from which the eggs came, which is not surprising because,
in avians, liver is the primary site of lipogenesis. CLA was
present only in Diet I and constituted up to 3.5%. The major
CLA isomer in the yolk lipids was c9,t11 and constituted
2.5% in the yolk lipids of hens fed Diet I. Addition of 1.5%
CLA resulted in a significant increase in saturated FA with a
concomitant reduction in monounsaturated FA. These results
corroborate our previous results and those of others (21,22).
Feeding a sunflowerseed oil to the control resulted in a signifi-
cant increase in 18:2n-6 and 20:4n-6. Diets II and III resulted
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FIG. 1. Histological sections of liver tissue from hens fed Control, Diet
I, II, or III. The control diet contained 3% sunflower oil; Diet I—2% ani-
mal fat + 1% CLA; Diet II—1% flax oil + 2% canola oil; Diet III—3%
fish oil.



in a significant increase in n-3 FA such as 18:3n-3 and 22:6n-3.
Most of the reported studies on CLA and PUFA in poultry were
short-term feeding trials investigating tissue enrichment and
body fat reduction properties. The long-term potentially ad-
verse effect of PUFA and CLA on hepatic tissue has been
largely ignored. The results from the present study suggest that
CLA feeding is associated with preferential channeling of liver
TAG toward hepatic storage. Whether the dietary CLA-associ-
ated TAG accumulation observed in this study is a phenome-
non peculiar to laying hens or one that might occur in any situ-
ation in which the metabolic activity of the liver is enhanced or
chronically stressed, as in laying hens, is not known. The results

from the present study suggest the need for further investiga-
tions on the long-term use of CLA in animal health and also on
the long-term clinical use of CLA supplementation as a means
of weight management in humans.
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TABLE 4
Major FA Composition of Hen Liver TAG, PC, and PEa

Dietary treatments

FA Control Diet I Diet II Diet III SEM

TAG

16:0 15.4c 26.2a 15.4c 20.2b 1.55
16:1 0.16c 2.2b 1.8b 3.7a 0.27
18:0 11.3b 18.5a 8.1c 11.2b 0.88
18:1n-9 40.6b 32.9c 50.8a 44.9b 1.38
18:2n-6 28.5a 16.6b 17.6b 16.8b 1.59
18:3n-3 0.0c 0.4b 1.7a 0.4b 0.01
20:4n-6 3.1a 0.9b 1.7a,b 0.3b 0.48
cis-9,trans-11 CLA 0.0b 0.5a 0.0b 0.0b 0.08
22:6n-3 0.0b 0.0b 0.95a 1.1a 0.28
Total SFA 27.3b,c 45.8a 24.4c 32.6b 5.12
Total MUFA 40.8c 35.2d 53.4a 48.5b 1.56
Total n-6 PUFA 31.7a 17.5b 19.4b 17.2b 1.84
Total n-3 PUFA 0.2c 0.9b,c 2.7a 1.7a,b 0.46

PC

16:0 33.3b 36.1a 29.9c 33.8b 0.49
16:1 0.9a 0.98a 1.2a 1.6a 0.35
18:0 15.8b 22.4a 15.1b 14.2b 0.91
18:1n-9 24.3b 23.1b 29.4a 29.7a 1.03
18:2n-6 17.0a 10.4c 13.6b 10.8c 0.83
20:4n-6 5.8a 2.1c 5.1a 3.1b 0.33
cis-9,trans-11 CLA 0.0a 0.2b 0.0a 0.0a 0.09
22:6n-3 0.6b 0.0b 4.6a 4.2a 0.33
Total SFA 49.7b 60.7a 45.0c 48.6b,c 1.24
Total MUFA 25.2b 24.0b 30.7a 31.4a 0.74
Total n-6 PUFA 24.0a 13.7c 19.4b 15.0c 1.07
Total n-3 PUFA 0.9b 1.3b 4.9a 4.9a 0.45

PE

16:0 16.1b 17.7b 15.0b 20.9a 0.73
16:1 0.7 0.6 0.8 0.5 0.20
18:0 32.2 32.9 32.6 36.2 1.06
18:1n-9 15.7 16.3 17.5 15.1 0.50
18:2n-6 15.9a 15.5a 11.7b 7.8c 0.77
20:4n-6 14.6a 12.2a 11.8a 5.3b 0.85
22:6n-3 3.1b 2.4b 8.6a 10.4a 0.86
Total SFA 48.3b 50.6b 47.8b 57.1a 1.64
Total MUFA 16.6 16.8 18.3 15.6 0.82
Total n-6 PUFA 31.6a 28.8a 24.1b 15.7c 0.77
Total n-3 PUFA 3.5b 3.6b 9.8a 11.6a 1.02
aMeans with different superscripts within a row differ significantly (P < 0.05). Values are reported as percent total FA, n = 6.
The control diet contained 3% sunflower oil. Diet I—2% animal fat + 1% CLA, Diet II—1% flax oil + 2% canola oil, Diet
III—3% fish oil. For abbreviations, see Table 2.
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TABLE 5
Major FA Composition of Eggsa

Dietary treatments

FA Control Diet I Diet II Diet III SEM

16:0 25.8b 32.7a 24.0c 26.5b 0.18
16:1 2.5c 1.1d 3.3b 4.2a 0.16
18:0 10.8b 19.9a 9.1c 10.8b 0.14
18:1n-9 36.3b 25.2c 42.8a 41.7a 0.20
18:2n-6 22.6a 15.4b 15.3b 12.3c 0.15
18:3n-3 0.0c 0.0c 2.6a 0.3b 0.08
20:4n-6 2.1a 1.3b 1.3b 0.6c 0.08
cis-9,trans-11 CLA 0.0b 2.4a 0.0b 0.0b 0.14
trans-10,cis-12 CLA 0.0b 1.1a 0.0b 0.0b 0.13
22:6n-3 0.0c 0.0c 1.4b 3.0a 0.07
Total SFA 36.6b 52.6a 33.1c 37.2b 0.18
Total MUFA 38.7b 27.1c 46.2a 46.3a 0.18
Total n-6 PUFA 24.7a 16.8b 16.6b 12.8c 0.15
Total n-3 PUFA 0.0c 0.0b 4.0a 3.7a 0.13
aMeans with different superscripts within a row differ significantly (P < 0.05), n = 6. Values reported as percent total FA.
Control diet contained 3% sunflower oil. Diet I—2% animal fat + 1% CLA, Diet II–1% flaxseed oil + 2% canola oil,  Diet
III—3% fish oil. For abbreviations see Table 2. 



ABSTRACT: The inhibitory effects of 1,3-diacylglycerol (DAG)
on diet-induced lipid accumulation in liver and abdominal adi-
pose tissue of rats were investigated in the present study. Male
Sprague-Dawley rats were given free access to diets containing
7 wt% TAG (low TAG), 20 wt% TAG (high TAG), or 20 wt%
DAG (high DAG), respectively, for 8 wk. The body weight of
rats in the 20% high-TAG group increased significantly, and the
weights of their abdominal adipose tissue and liver also showed
a significant increase compared with rats in the low-TAG group.
However, the high-DAG diet resulted in both a significant re-
duction in body weight gain (with a decrease of 70.5%) and an
increase in the ratio of abdominal fat to body weight  (by 127%)
compared with the high-TAG diet. As well, the liver TAG and
serum TAG levels of the high-DAG group were significantly
lower than those of the high-TAG group. These effects were asso-
ciated with up-regulation of acyl-CoA carnitine acyltransferase
(ACAT) and down-regulation of acyl-CoA DAG acyltransferase
(DGAT) in the liver. However, no significant difference was ob-
served in the activities of alanine aminotransferase and aspartate
aminotransferase among the groups (P > 0.05). The present
results indicate that dietary DAG reduced fat accumulation in vis-
cera and body, and these effects may be involved with up-regula-
tion of ACAT and down-regulation of DGAT in the liver. 
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Diseases such as diabetes mellitus, cardiovascular diseases,
and other so-called lifestyle-related diseases are all related to
obesity, especially to abdominal obesity (1–3). Moreover,
intra-abdominal distribution of fat in body is associated with
disease risks (4,5). Overaccumulation of fat in the liver can
lead to liver infiltration and fatty liver. Obesity characterized
by excessive body fat accumulation is generally associated
with enhanced lipid consumption, although the factors that
cause obesity are various and complex. Therefore, many stud-
ies have focused on food ingredients, medicinal drugs for pre-
vention, and reduction of obesity (6–8).

With respect to lipid metabolism, several studies (9,10)
have shown that dietary DAG can lower the magnitude of
postprandial increase in serum and chylomicron-TAG levels.
In a single administration study in men, dietary DAG pre-
vented body fat accumulation, especially in visceral fat in
healthy men, and improved serum profile and anthropometric
parameters in free-living subjects (11). However, Sugimoto
et al. (12) suggested that dietary DAG does not have any anti-
obesity and lipid-lowering effects. The lower DAG oil level
(10 wt%) in their experiment, and the lower total DAG (of 80
wt%) and 1,3-DAG content (55%) in their DAG oil could be
the reason for the observation of the opposite result. More-
over, Hase and colleagues (13) investigated the reduction of
body fat by α-linolenic acid-rich DAG. These results high-
lighted the synergistic interaction of the 1,3-DAG structure
and n-3 FA. In addition, the effects of DAG on up-regulation
of acyl-CoA oxidase (ACO), acyl-CoA synthase (ACS), and
medium-chain acyl-CoA dehydrogenase mRNA in intestine
and in liver were investigated by Murase and others (14,15).
However, they did not study the relationship between dietary
DAG and the activity of hepatic acyl-CoA DAG acyltrans-
ferase (DGAT), and acyl-CoA carnitine acyltransferase
(ACAT). ACAT is a key enzyme involved in the β-oxidation
reaction. DGAT catalyzes the acyl-CoA-dependent acylation
of sn-1,2-DAG to generate TAG, which is the final step and
also a common pathway in TAG biosynthesis process. There-
fore, we hypothesized that DAG would reduce fat accumulation
in the body by suppressing DGAT activity and/or stimulating
ACAT activity. The present study focused on the mechanisms
leading to reduced body fat accumulation by DAG, by investi-
gating the effects of dietary DAG on the activities of hepatic
DGAT, ACAT, abdominal fat, and hepatic lipid in rats.  

MATERIALS AND METHODS

Experimental oils. DAG oil was prepared by esterification of
rapeseed oil-derived FA with glycerol using 1,3-specific
Lipozyme RMIM (Novo Nordisk Co, Bagsvaerd, Denmark) as
biocatalyst. The molar ratio of 1,3-acylglycerol to 1,2-acylglyc-
erol was about 7:1. TAG oil was prepared by mixing rapeseed
oil and soybean oil so that the FA composition was similar to that
of DAG oil. The composition of test oils is shown in Table 1.
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Animals and treatments. Five-week-old male Sprague-
Dawley rats were obtained from the animal experimental cen-
ter of Nanjing University of Traditional Chinese Medicine.
The animal room was maintained at 23 ± 2°C, with 40–70%
RH. The air was changed at 12-h intervals. A light/dark cycle
of 12 h (light on from 7:00 AM to 7:00 PM) was maintained.
After a 7-d acclimation period, the rats were divided into three
groups (10 rats/group). The rats were given free access to food
and tap water. The composition of purified feeds specified by
the formula of AOAC and AIN93 are shown in Table 2. The
low-TAG feed contained 7 wt% TAG, the high-TAG feed con-
tained 20 wt% TAG, and the high-DAG feed contained 20 wt%
DAG. All measurements were initiated after a 7-d acclimation
period. The amount of food consumed in a 24-h period was
measured every day for 1 wk to calculate fat digestibility. Mea-
surements of body weight were made weekly.

At the end of the experiments (after 8 wk of feeding), the
rats were fasted for 12 h, anesthetized with sodium pentobarbi-
tal, and then subjected to surgery. Blood was collected from the
vena cava, and the serum was used for various biochemical
analyses. Under the same condition of anesthesia, abdominal
adipose (epididymal, mesentery, and perirenal fats) and liver
were removed and then weighed. Crude fat content of the ex-
perimental diets and feces was extracted according to the
method of Folch et al. (16). Calculation of fat digestibility was
based on the fat content of diets and feces. Hepatic lipids were
extracted with chloroform/methanol (1:2, vol/vol) (17).

The following indexes were determined using an Auto-
matic Biochemical Analyzer (Hitachi 7600-020; Hitachi Co.,
Tokyo, Japan): alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total cholesterol (TC), and total
TAG in serum.  VLDL and the chylomicron fraction were iso-
lated by sequential ultracentrifugation. Liver phospholipids
were measured by phosphorus analysis (18). DGAT activity
was detected according to the method of Middleton et al. (19)
and Lozeman et al. (20). The activity of ACAT was deter-
mined by the method described by Bieber et al. (21).

Statistical analysis. The results were expressed as means
± SD for 10 rats unless otherwise indicated. The differences
among the three groups were analyzed by ANOVA, and each
group was compared with the others by Fisher’s protected
least-significant difference (PLSD) test (statistical package of
STATISTICA 6.0; StatSoft, Tulsa, OK). Statistical signifi-
cance was defined as P < 0.05.

RESULTS AND DISCUSSION

Effect of DAG on the body weight and visceral fat weight of rats.
No significant differences were observed in initial body weight
among the groups (Table 3). All of the groups showed a gain in
body weight. Compared with the low-TAG group, the high-TAG
group showed a significant difference in the increase in body
weight (47.6 g, P < 0.01) and abdominal adipose tissue weight
(3.86 g, P < 0.05). On the other hand, the high-DAG group had
a lower body weight gain and abdominal adipose tissue increase
compared with the high-TAG group. The significance test levels
of indexes between the high-DAG group and the high-TAG
group were as follows: body weight gain (P < 0.01), abdominal
adipose tissue weight (P < 0.01), ratio of abdominal adipose tis-
sue weight to body weight (P < 0.05), mesenteric fat (P < 0.01),
perirenal fat (P < 0.01), and epididymal fat (P < 0.01). During
the experiments, no significant difference was observed in fat
digestibility among the groups. The rats in the high-TAG group
took in more energy than those in the low TAG-group (P < 0.05).
This could be one of the reasons for the differences between the
two groups. However, there was no significant difference in en-
ergy intake between the high-TAG group and the high-DAG
group. In addition, the FA composition of the DAG oil was sim-
ilar to that of the TAG oil.

Other studies have shown that the extent of postprandial
serum TAG increases after administration of the DAG emulsion,
especially chylomicron TAG. This was less than that observed
after administration of the TAG emulsion (9,10). Impaired post-
prandial serum TAG clearance also was associated with visceral
obesity (22,23). The higher postprandial serum TAG caused a
higher load of postprandial serum TAG clearance. Since DAG
feeding could suppress the postprandial TAG increase, this may
explain, at least in part, the reduction of visceral obesity by
DAG.  In addition, recent research suggested that dietary DAG
could affect peroxisome proliferator-activated receptors (PPAR)
(24). However, liver PPAR plays a role in regulating TAG home-
ostasis and preventing the damages of other tissues caused by
TAG accumulation (25). 
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TABLE 1 
FA and Acylglycerol Compositions of TAG Oil and DAG Oil

TAG oil DAG oil

FA g /100 g FA
16:0 0.21 0.30
16:1 4.63 5.14
18:0 3.34 3.55
18:1 56.20 55.68
18:2 22.42 22.99
18:3 7.56 6.99
Others 5.64 5.35

Acylglycerols g /100 g oil
DAG 0.98 90.20
TAG 97.50 8.43
Others 1.52 1.37

TABLE 2 
Composition of the Different Dietsa (g/100 g diet)

Ingredients Low TAG High TAG High DAG

Casein 20.0 20.0 20.0
Cornstarch 64.5 51.5 51.5
TAG oil 7.0 20.0 —
DAG oil — — 20.0
Cellulose 4.0 4.0 4.0
Vitamin mixtureb 1.0 1.0 1.0
Mineral mixtureb 3.5 3.5 3.5

Total 100.0 100.0 100.0
aDL-Methionine and choline tartrate were further added to the pre-prepared
diets (100 g) at the rate of 0.3 g/100 g diet and 0.2 g/100 g diet, respectively.
bVitamin mixture and mineral mixture refer to the AIN93 prescription.



Effect of DAG on the blood lipids of rats. As expected,
plasma total TAG concentrations were raised after consumption
of TAG feed and lowered by the high-DAG diet when com-
pared with the low-TAG diet (Table 4). The rats fed the high-
DAG diet had lower chylomicron-TAG and VLDL-TAG
(TAG in VLDL) concentrations than the rats fed the high-
TAG diet. However, there were no significant differences in
TC and phospholipid concentrations between the high-DAG
and the high-TAG groups. The activities of AST and ALT
were similar for all the groups.

In general, blood from animals with free access to food has
high levels of chylomicrons and VLDL, both of which are
rich in TAG. TAG are thought to be metabolized to FFA and
2-MAG by digestion, absorbed into epithelial cells of the
small intestine, and then reassembled via a 1,2-DAG genera-
tion process. On the other hand, 1,3-DAG are metabolized to
1-MAG and FFA by digestion, but it is difficult to regenerate
1(3),2-DAG because the affinities of 1(3)-MAG for MAG
acyltransferase (MGAT) in epithelial cells of the small intes-
tine are lower than that of 2-MAG for MGAT (26). The FA
from 1,3-DAG digestion would be assimilated primarily
through the glycerol-3-phosphate pathway instead of the 2-
MAG pathway. Furthermore, TAG formed through the glyc-
erol-3-phosphate pathway, in contrast to that reassembled
through the 2-MAG pathway, was mainly stored in the cyto-
plasm of intestinal mucosal cells rather than being directly

used as the building block for chylomicron assembly. Hence,
dietary DAG contributed to the decrease in chylomicron
TAG. On the other hand, VLDL, which is rich in TAG (as men-
tioned before), is generally produced in hepatic mesenchymal
cells and then secreted into blood circulation. Studies of the
mechanism of the incorporation of TAG into secreted VLDL
in the liver suggest that the route from cytosolic droplet TAG
to VLDL-TAG involves the hydrolysis to 1,2-sn-DAG and
then  reesterification of the remodeled DAG to TAG before
secretion (27,28). Hence, activities of DGAT in liver micro-
somes can affect VLDL-TAG secretion (29). Lower VLDL-
TAG maybe due to the decrease of DGAT activity down-reg-
ulation by DAG dietary (shown in Table 5). These observa-
tions may explain the differences in serum TAG concentration
between the high-DAG and the high-TAG groups. 

Effect of DAG on liver weight, hepatic lipid, and hepatic en-
zymes in rats. Table 5 shows the differences in liver weight and
hepatic lipid composition in rats fed the different diets. The
weight of liver increased significantly (by 18.9%) in the high-
TAG diet group, but the increase was suppressed by the high-
DAG diet. However, there was no significant difference in the
ratio of the liver to body weight. This suggests that the increase
in liver weight is proportional to body weight gain. The changes
of hepatic lipid levels after feeding the high-TAG and the low-
TAG diets to the rats were similar to those of plasma lipid lev-
els, as well as those of fat pad weights.
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TABLE 3  
Effects of Different Diets on the Body Weight and Abdominal Fata of Rats Fed for 8 wk

Parameters Low TAG High TAG High DAG

Body weight 
Initial weight (g) 145.5 ± 10.3 145.4 ± 6.4 146.3 ± 7.3
Final weight (g) 394.6 ± 32.1 442.1 ± 26.2A 409.2 ± 25.6a,b

Gain (for 8 wk, g) 249.1 ± 21.3 296.6 ± 19.9A 262.9 ± 23.6a,b

Abdominal adipose tissue weight
Absolute (g) 15.70 ± 2.38 19.54 ± 3.49a 15.76 ± 3.02b

Relative (g/100 g body weight) 4.0 ± 0.5 4.4 ± 0.4a 3.8 ± 0.3a,b

Mesenteric fat (g) 5. 98 ± 1.62 7.46 ± 1.18A 6.16 ± 1.20a,b

Perirenal fat (g) 7. 46 ± 1.18 9.19 ± 1.85a 7.28 ± 2. 63b

Epididymal fat (g) 2. 23 ± 0.57 2.89 ± 0.46A 2.32 ± 0.37b

Fat digestibility (%) 95.70 ± 0.46 95.62 ± 0.37 95.44 ± 0.34
Energy intake (kJ/rat/d) 347.40 ± 12.10 422.90 ± 12.60A 421.90 ± 11.80A

aValues are means ± SD (n = 10).  aP < 0.05, AP < 0.01, significant difference from the low-TAG group. bP < 0.05, 
significant difference from the high-TAG group.

TABLE 4 
Influence of Different Diets on Plasma Lipida of Rats Fed for 8 wk

Parameters Low TAG High TAG High DAG

TC (mmol/L) 1.56 ± 0.25 1.65 ± 0.31 1.58 ± 0.32
Total TAG (mmol/L) 3.01 ± 0.17 3.47 ± 0.29a 2.76 ± 0.25b

Chylomicron-TAG (mmol/L) 1.89 ± 0.25 2.13 ± 0.25a 1.72 ± 0.29a,b

VLDL-TAG (mmol/L) 0.86 ± 0.09 1.22 ± 0.21a 0.64 ± 0.12a,b

Phospholipid (mmol/L) 2.42 ± 0.14 2.75 ± 0.30 2.57 ± 0.50
AST (U/L) 114.67 ± 15.63 104.58 ± 19.45 101.90 ± 13.49
ALT (U/L) 29.22 ± 4.58 25.72 ± 3.56 27.40 ± 3.27
aValues are means ± SD (n = 10). aP < 0.05, significant difference from the low-TAG group; bP <
0.05, significant difference from the high-TAG group. TC, total cholesterol; AST, aspartate amino-
transferase; ALT, alanine aminotransferase.



To examine further the effect of the high-DAG diet on the
liver, we measured the activity of hepatic ACAT and DGAT
in rats fed with high DAG (Table 5). After 8 wk of feeding,
ACAT activity of the high-DAG-fed rats was stimulated to
1.4 times (P < 0.05) that of the high-TAG-fed rats, whereas
DGAT activity was decreased 1.2 times. ACAT is the key en-
zyme of the β-oxidation reaction. It controls transportation of
long-chain FA through the mitochondrial membrane. DGAT
catalyzes the acyl-CoA dependent acylation of 1,2-sn-DAG
to generate TAG (30,31), which is the final step in all TAG
biosynthesis pathways (MAG pathway, dihydroxy-acetone
phosphate pathway, and glycerol phosphate pathway). This
suggests that dietary DAG affects FA metabolism in the liver by
stimulating β-oxidation and repressing anabolism of TAG.
Murase et al. (32) showed that high-DAG feeding up-regu-
lated mRNA expression of ACO, ACS, medium-chain acyl-
CoA dehydrogenase, and uncoupling protein-2 in intestinal
tissue but not in liver, skeletal muscle, or brown fatty tissue
of C57BL/6J mice. They thought that the effect of DAG lies
in its contribution to intestinal lipid metabolism (32). How-
ever, different from Murase’s conclusion, Murata et al. (33)
observed that dietary DAG could affect the activity of ACO
and FA synthase in mouse liver. These observations suggest
that stimulation of FA oxidation and suppression of TAG syn-
thesis may be partially responsible for the beneficial effects
of dietary DAG. In addition, lower hepatic TAG content in
the high-DAG-fed rat may be related to this fact. 

The results in this study showed that DAG could reduce
fat accumulation in viscera and body, and the reduction effect
was closely related to the activity of DGAT and ACAT.  How-
ever, the regulation mechanism of DGAT and ACAT by DAG
remains unknown.
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ABSTRACT: We investigated lipid composition and FA metabo-
lism in Chinese hamster ovary (CHO-K1) cells and Pex5-mutated
CHO-K1 (ZP102) cells to clarify the biochemical bases of peroxi-
some biogenesis disorders (PBD). ZP102 cells have defective per-
oxisomes and exhibit impairments of peroxisomal β-oxidation of
FA and plasmalogen biosynthesis. In addition, we identified FA
metabolic alterations in the synthesis of several classes of lipids in
ZP102 cells. The concentration of FFA in ZP102 cells was twice
that in CHO-K1 cells, but methyl esters and TAG were decreased
in ZP102 cells in comparison with control cells. Also, ceramide
monohexoside (CMH) concentration with ZP102 cells was signifi-
cantly increased compared with the control cells. The FA molecu-
lar species, particularly the saturated to unsaturated ratios, of indi-
vidual lipids also differed between the two cell types. The rate of
incorporation of [14C]-labeled saturated acids into sphingomyelin
(SM) and CMH in ZP102 cells was higher than that in CHO-K1
cells. Lignoceric acid incorporated into cells was predominantly
utilized for the synthesis of SM at 24 h after removal of [14C]ligno-
ceric acid from the culture medium. ZP102 cells showed higher
fluorescence anisotropy of 1,3,5-diphenylhexatriene, correspond-
ing to lower membrane mobility than in CHO-K1 cells. In particu-
lar, alteration of lipid metabolism by a Pex5 mutation enhanced
metabolism of saturated FA and sphingolipids. This may be related
to the reduced membrane fluidity of ZP102 cells, which has been
implicated in the dysfunction of membrane-linked processes in
PBD.

Paper no. L9315 in Lipids 39, 43–50 (January 2004).

Peroxisome biogenesis disorders (PBD), such as Zellweger
syndrome and neonatal adrenoleukodystrophy, are caused by
Pex gene mutations. Peroxisomal dysfunctions in PBD are
known to cause alterations of lipid metabolism including β-
oxidation of FA, synthesis of ether phospholipids, and degra-
dation of pipecolic acid (1). Accordingly, patients with PBD

exhibit various biochemical abnormalities, such as the accumu-
lation of very long chain FA (VLCFA) and defects of the plas-
malogens (2,3). To date, the relationship of these biochemical
abnormalities to the impaired differentiation and migration of
neural cells, which are the major central nervous system (CNS)
findings in patients with PBD, remains unclear. Recently, two
transgenic mouse models of Zellweger syndrome were gener-
ated [Pex5 (4) and Pex2 (5) knockout mice]. It was suggested
that the synthesis of ether phospholipids and the degradation of
straight-chain FA might be necessary for normal embryonic de-
velopment, based on the results of investigations of the peroxi-
somal lipid-metabolizing pathway in normal and Pex5 knock-
out mice embryos (6). Later, it was reported that lack of peroxi-
somal β-oxidation itself did not cause the defect in neuronal
migration in Pex5 knockout mice (7). One can expect that other
metabolic alterations, which occur secondarily, play roles in the
pathological changes in PBD. We previously attributed the ac-
cumulation of glycosphingolipids in Pex2 mutant Z65 cells
[Pex2-mutated Chinese hamster ovary (CHO)-K1 cells] and
PBD patients’ fibroblasts to Pex2 mutations (8,9). The expres-
sion of ceramide glucosyltransferase (GlcT), which is located
at the first step in elongation of the carbohydrate chains of
glycolipids, was significantly increased, and accumulation of
ceramide also occurred in Z65 cells cultured in the presence
of a GlcT inhibitor (10). 

The expression of ganglioside molecular species is strictly
regulated in the CNS during development in the gestational
stages (11), and the growth or differentiation of neural cells is
affected by the presence of glucosylceramide and gangliosides
(12,13). Also, ceramide is well known to exhibit bioactivity
that induces cellular apoptosis (14). Taken together, these ob-
servations indicate that the altered glycosphingolipid metabo-
lism in Z65 cells might be related to the pathogenesis of PBD.
Moreover, it is necessary to confirm that alterations of lipid me-
tabolism similar to those observed in Z65 cells occur in peroxi-
some-deficient cells belonging to other genetic classes.

A Pex5 mutation was introduced into ZP102 cells (Pex5-mu-
tated CHO-K1 cells), which were previously isolated as peroxi-
some-defective CHO cells by Tsukamoto et al. (15). The Pex5
gene encodes the receptor for the peroxisome targeting signal-1
(PTS-1) sequence exhibiting affinity with the C-termini of many
peroxisomal proteins including acyl-CoA oxidase (16). 
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Our goal was to identify pathogenic factors contributing to
peroxisomal dysfunction in the severe PBD phenotype. We
analyzed changes in lipid metabolism and membrane fluidity
attributable to defective functioning of the PTS-1 receptor in
ZP102 cells.

EXPERIMENTAL PROCEDURES

Materials. 1-[14C]Palmitic (50 mCi/mmol), 1-[14C]ligno-
ceric (50–60 mCi/mmol), 1-[14C]oleic, and 1-[14C]arachi-
donic acids (each 40–60 mCi/mmol) were obtained from
NEN, PerkinElmer Life Science, Inc. (Boston, MA). TLC
plates (silica gel 60) were obtained from Merck (Darmstadt,
Germany). All other chemicals were of the highest grade
available.

Cell culture. ZP102 cells (15) were maintained at 37°C
under 5% CO2 in Ham’s F12 medium supplemented with
10% FCS containing penicillin G (100 U/mL) and strepto-
mycin sulfate (100 mg/mL), and were used for experiments
when they reached subconfluence (80–90%).

Analysis of the lipid compositions of ZP102 and CHO-K1
cells. Cells were harvested from a plate with PBS, and then
lyophilized. After measurement of the dry weight, the lipids
were extracted successively with 2 mL of chloroform/methanol/
water, 20:10:1, 10:20:1, and 1:1:0 (by vol) at 40°C for 20 min.
The crude lipid extracts were analyzed by TLC with solvent sys-
tems of chloroform/methanol/water (65:35:8, by vol) and n-
hexane/diethyl ether/acetic acid (80:20:1, by vol). The spots
were visualized with a cupric acetate–phosphoric acid reagent.
The densities of the spots of samples and various known
amounts of each standard lipid were determined with a dual-
wavelength TLC densitometer (CS-9000; Shimadzu Co.,
Kyoto, Japan). The amounts of samples were determined from
a standard curve obtained with the values for standard lipids. 

Analysis of the FA composition. PC, sphingomyelin (SM),
and PE were isolated by preparative TLC with a solvent system
of chloroform/methanol/water (65:35:8, by vol). FFA, TG, and
cholesterol esters (CE) were isolated by preparative TLC with
a solvent system of n-hexane/diethyl ether/acetic acid
(80:20:1, by vol). Individual lipids were then methanolized
with 1 N HCl–methanol at 100°C for 30 min. The liberated
FAME were extracted with n-hexane and then analyzed by
GLC (GC700 Shimadzu) on a capillary column (Omegawax
320, 0.32 mm × 30 m; Supelco, Bellefonte, PA). The injec-
tion and detection port temperatures were 250 and 300°C, re-
spectively. The column temperature was raised from 170 to
250°C at a rate of 5°C per min. Each peak was identified by
comparing the retention time with those of standard FAME.

Incorporation of [14C]-labeled FA. Each radiolabeled FA
dissolved in ethanol was added directly to Ham’s F12 medium
supplemented with 10% FCS. The amount of ethanol was less
than 0.2% of the total medium volume. Cells at the subcon-
fluence stage (90% of the dish) were cultured in medium con-
taining 12.0 µM 1-[14C]palmitic, 12.5 µM 1-[14C]oleic, 2.5
µM 1-[14C]arachidonic, and 12.0 µM 1-[14C]lignoceric acid
for 6 h. The cells were then harvested and ultrasonically

homogenized in PBS. The protein contents of the cell ho-
mogenates were measured by the method of Lowry et al. (17).
Lipids in cell homogenates were extracted with 1.5 mL of
chloroform/methanol (2:1, vol/vol) at 40°C for 20 min. After
centrifugation, the radioactivity of the supernatant was deter-
mined with a liquid scintillation counter, followed by separa-
tion by TLC as described above. The radioactivity incorpo-
rated into each lipid fraction was visualized and quantified
with a BAS 2000 imaging analyzer (Fuji Film, Tokyo, Japan).

Membrane fluidity of ZP102 and CHO-K1 cells. Mem-
brane fluidity was monitored according to the method of
Kawato et al. (18). CHO-K1 and ZP102 cells at the subcon-
fluence stage, scraped from plates after washing three times
with PBS, were centrifuged at 125 × g for 10 min and then re-
suspended in 0.5 mL of PBS (pH 7.4) with 0.15 mM EDTA.
The resulting cell suspensions were homogenized ultrasoni-
cally. After centrifugation at 100 × g for 10 min, the super-
natants were removed and centrifuged at 15,000 × g for 20
min, and then at 100,000 × g for 60 min. The 100,000 × g
membrane pellets were homogenized and resuspended in PBS
(pH 7.4). A lipophilic probe, 1,6-diphenyl-1,3,5-hexatriene
(DPH), was dissolved in THF and added to homogenates of
CHO-K1 and ZP102 cells to give a final concentration of 1
µM. The membrane suspensions were then incubated at 37°C
for 20 min. The fluorescence intensity of each membrane sus-
pension was measured with a fluorescence spectrophotometer
(FP-2070; JASCO, Tokyo, Japan) at an excitation wavelength
of 360 nm and an emission wavelength of 426 nm. The verti-
cal (Iv) and horizontal (Ih) fluorescence intensities were mea-
sured with a polarizing filter, and steady-state emission
anisotropy (r) was calculated as follows.

r = Iv – Ih/Iv + 2Ih [1]

The anisotropy parameter [(r0/r) – 1]–1 was calculated using
an r0 value of 0.365 for DPH (19). The temperature depen-
dence of [(r0/r) – 1]–1 was determined over the range of
4–37°C. Membranes were initially heated to 37°C for 20 min
until the fluorescence intensity was stable, and fluorescence
polarization was then estimated every 1–2°C as the suspen-
sion cooled slowly to 4°C. Plots of log [(r0/r) – 1]–1 vs. 1/T
were constructed to detect thermotropic transitions (19).

RESULTS

Lipid compositions of ZP102 and CHO-K1 cells. Figure 1
shows the TLC results of lipids in ZP102 and CHO-K1 cells.
Although the concentrations of the major phospholipids, i.e.,
PC, PE, and SM, in CHO-K1 cells were the same as those in
ZP102 cells, ceramide monohexoside (CMH) was present at a
higher concentration in ZP102 cells than in CHO-K1 cells.
Also, there were no differences in the amounts of cholesterol
and CE between CHO-K1 and ZP102 cells, whereas amounts of
TAG, FFA, and FAME in CHO-K1 cells differed significantly
from those in ZP102 cells: 1.15 ± 0.21 µg/mg dry weight in
ZP102 cells and 1.98 ± 0.14 µg/mg dry weight in CHO-K1 cells
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for TAG; 0.58 ± 0.12 µg/mg dry weight in ZP102 cells and 0.27
± 0.14 µg/mg dry weight in CHO-K1 cells for FFA (Fig. 1B).
On the other hand, FAME were detected only in CHO-K1 cells,
i.e., not in ZP102 cells, as shown in Figure 1B.

FA compositions of lipids in ZP102 and CHO-K1 cells.
The FA compositions of lipids in ZP102 and CHO-K1 cells
are presented in Table 1. In the FFA fraction, the relative ratio
of saturated to unsaturated FA in ZP102 cells was signifi-
cantly decreased, due mainly to the increases in oleic, arachi-
donic, and docosahexanoic acids, in comparison with CHO-
K1 cells. The ratio of saturated to unsaturated FA in SM of
ZP102 cells was also lower than that in CHO-K1 cells but that
in TAG of ZP102 cells was higher than in CHO-K1 cells. A
distinct difference in the distribution of lignoceric acid (24:0)
was observed between the FFA and TAG fractions. Ligno-
ceric acid was negligible in the FFA fraction of ZP102 cells
but constituted 2.77 ± 0.18% of that in CHO-K1 cells. On the
other hand, as for TAG, 6.27 ± 0.32% and a trace amount of
lignoceric acid were found in ZP102 and CHO-K1 cells, re-
spectively. When the ratios of lignoceric acid to behenic acid
(C24/C22) were compared, those in the TAG, SM, and PE frac-
tions were significantly increased in ZP102 cells. Arachidonic
acid was present in higher proportions in the FFA and phos-
pholipid fractions of ZP102 cells than in those of CHO-K1
cells. Oleic acid also was present in higher proportions in the
FFA and SM fractions of ZP102 cells than in those of CHO-
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FIG. 1. TLC of phospholipids (A) and neutral lipids (B). Portions of the
lipids extracted from freeze-dried Chinese hamster ovary (CHO)-K1
(lane 2) and ZP102 (Pex5-mutated CHO-K1) cells (lane 3) (equivalent
to 0.5 mg dry weight) were developed with chloroform/methanol/water
(65:35:8, by vol) (A) and n-hexane/diethyl ether/acetic acid (80:20:1,
by vol) (B), and the spots were detected with a cupric acetate–phos-
phoric acid reagent. Standard lipids were run in lane 1. SM, sphin-
gomyelin; CMH, ceramide monohexoside; CE, cholesterol ester; Chol,
cholesterol.

A B
CE

FAME

TAG

FFA

Chol

CMH

PE

PC

SM

1 2 3 1 2 3

TABLE 1
FA Composition of Lipids in ZP102 and CHO-K1 Cellsa

FFA TAG Cholesterol ester Sphingomyelin PC PE

FFA ZP102 CHO-K1 ZP102 CHO-K1 ZP102 CHO-K1 ZP102 CHO-K1 ZP102 CHO-K1 ZP102 CHO-K1

12:0 1.24 2.66 1.76 1.8 1.04 1.32 0.47* 1.75 0.37 0.26 0.73 1.67
14:0 2.84 3.81 4.67 4.22 8.93 8.04 2.21 4.63 1.12 1.65 2.55 4.56
16:0 24.38 24.85 30.22 31.97 30.95 32.18 30.85 33.78 17.28 20.4 16.97 21.20
16:1 3.98 3.4 1.44 1.15 3.16* 2.54 2.47 1.49 1.3 1.24 1.45 0.26
18:0 13.89* 23.42 22.76 19.06 16.92 18.94 19.06 19.49 24.78 24.89 28.62 27.24
18:1n-9 25.67* 12.57 16.7* 21.33 25.66 23.44 28.26* 21.12 22.85 23.84 21.87 18.04
18:2n-6 6.26 5.14 4.37 4.23 2.36 2.22 3.42 3.03 3.88 4.00 3.50 3.42
18:3n-3 0.40 <0.01 0.34* <0.01 0.73 0.84 0.11 0.15 0.17 <0.01 <0.01 <0.01
20:0 0.83* 1.77 2.32 1.78 1.53 1.50 0.72 1.19 0.9 1.05 1.10 1.19
20:1 1.20 <0.01 1.02 1.64 1.71 1.41 1.52 0.76 1.69 2.66 0.53 1.83
20:2 1.91 2.19 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.41 <0.01 0.84* <0.01
20:3n-9 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01* 0.47 0.65 <0.01 <0.01 <0.01
20:3n-6 0.75 <0.01 <0.01 <0.01 <0.01 <0.01 0.65* 1.30 1.75 2.16 1.11* <0.01
20:4n-6 3.65* <0.01 <0.01 <0.01 <0.01 <0.01 0.48* <0.01 11.03* 7.87 6.79 5.36
20:5n-3 0.59 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.43* <0.01 <0.01 <0.01
22:0 1.04* 4.73 4.99* 2.62 2.2 2.45 2.22 3.37 1.97 2.38 2.43 3.50
22:1n-9 9.59 12.69 3.16* 10.26 3.22 3.85 2.62 1.54 2.83 2.28 3.84* 5.69
22:4n-6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1.14 1.23 1.23* <0.01
22:5n-3 1.28 <0.01 <0.01 <0.01 0.89* <0.01 <0.01 <0.01 2.26 1.69 2.03 2.04
24:0 <0.01* 2.77 6.27* <0.01 1.44 1.27 3.31 3.49 1.04 1.08 3.02* 2.04
22:6 1.51* <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 2.17 1.35 1.39 1.96
24:1n-9 <0.01 <0.01 <0.01 <0.01 2.42* <0.01 1.53 2.44 <0.01 <0.01 <0.01 <0.01

24:0/22:0 <0.01* 0.58 1.25* <0.01 0.64 0.52 1.48 1.04 0.52 0.45 1.25* 0.58
Saturated (S) 44.23* 64.01 72.98* 61.44 63.43 64.72 58.85* 67.68 47.47 51.67 55.41 61.4
Unsaturated (U) 55.77* 35.98 27.02* 38.55 36.57 35.28 41.06* 32.32 52.53 48.34 44.56 38.57
S/U 0.79* 1.78 2.71* 1.59 1.76 1.84 1.43* 2.09 0.90 1.06 1.24 1.60
aData represent mean weight percentages of total FA from each glycerolipid class in three different experiments. The major findings are shown in boldface type.
Each SD was less than 15% of the mean value. *, P < 0.05. CHO-K1, Chinese hamster ovary K1 cells; ZP102, Pex5-mutated CHO-K1 cells.



K1 cells. Palmitic and stearic acids constituted about half of
the total FA in all lipid classes examined, and the relative con-
centrations were essentially the same in ZP102 and CHO-K1
cells. Taking into account the FA composition of each lipid
class, we next investigated the differences in FA utilization in
both cell types using radiolabeled FA.

Incorporation of 14C-labeled FA into the lipids in ZP102 and
CHO-K1 cells. The radioactivity of each lipid class in ZP102
and CHO-K1 cells after incubation with 1-[14C]-labeled
palmitic, oleic, arachidonic, and lignoceric acids is shown in
Figure 2. In accord with the above results, FAME synthetic po-
tential was observed in CHO-K1 cells but not in ZP102 cells.
The rates of incorporation of palmitic and lignoceric acids into
CMH in ZP102 cells were significantly higher than those in
CHO-K1 cells, but unsaturated FA were scarcely incorporated
into CMH. Higher radioactivity in ZP102 cells than in CHO-
K1 cells on incubation with lignoceric acid was also observed
in SM, indicating the enhanced utilization of longer saturated
FA for sphingolipids. TAG in CHO-K1 cells incorporated all
radioactive FA at higher rates than those in ZP102 cells. On
the other hand, although oleic, arachidonic, and lignoceric acids
were incorporated into PC of CHO-K1 cells at higher rates than

into ZP102 cells, the radioactivity of PC with palmitic acid in
CHO-K1 cells was lower than in ZP102 cells (Fig. 2B). These
differences in the incorporation experiments were not consistent
with the results of the FA composition analysis (Table 1). For
example, there was no difference in the lignoceric acid content
of the SM fraction between CHO-K1 and ZP102 cells.

Pulse-labeling experiment with [14C]lignoceric acid. As
shown in Figure 2, when the rates of incorporation of palmitic,
oleic, arachidonic, and lignoceric acids were compared between
CHO-K1 and ZP102 cells, that of lignoceric acid was found to
differ between the two cell types as follows. In contrast to
palmitic, oleic, and arachidonic acids, the majority of lignoceric
acid incorporated into cells with a 6-h incubation was retained
in FFA, the highest level being observed in ZP102 cells, and the
radioactivity of the conjugated form of lignoceric acid in ZP102
was higher in the sphingolipids SM and CMH, lower in PC and
TAG, and similar in PE and CE  as compared with CHO-K1
cells. These findings indicate altered metabolism of saturated
longer-chain FA in ZP102 cells in comparison with CHO-K1
cells. Accordingly, a pulse-labeling experiment was conducted
as follows. After incubation of cells with [14C]lignoceric acid
for 6 h, the medium was changed to that without the radioactive
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FIG. 2. Incorporation of 14C-labeled FA into each lipid. Nearly confluent CHO-K1 and ZP102 cells were labeled with 1-[14C]palmitic (A), 1-[14C]oleic
(B), 1-[14C]arachidonic (C), and 1-[14C]lignoceric (D) acids for 6 h. The cells were then harvested, and total lipids were extracted. Total lipid ex-
tract equivalent to 10,000 dpm radioactivity was separated by TLC. The radioactivity incorporated into individual lipids was determined with an
imaging analyzer. Data are the means ± SD (shown by error bars) of three independent experiments, each performed in duplicate. Values with an
asterisk differ significantly from the control (CHO-K1): P < 0.01. For abbreviations see Figure 1.
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FA, and the incubation was then continued for an additional 24
h. As shown in Figure 3, the bulk of [14C] was present in the
phospholipid pool after a 6-h incubation as well as after a 24-h
chase. Lignoceric acid incorporated into CMH was substantially
lowered in CHO-K1 cells, and the percentage of radioactivity of
the CMH fraction decreased from 3.3 to 1.2%. The lignoceric
acid incorporated into CMH was also decreased in ZP102 cells,
but the rate of reduction was slower than that in CHO-K1 cells.
The radioactivity of the SM fraction after 24 h had increased in
both cell types. The rate of increase in the SM fraction in CHO-
K1 cells was higher than that in ZP102 cells, resulting in higher
radioactivity in the SM fraction at 30 h in CHO-K1 cells. The
lignoceric acid, once incorporated into PE, FFA, and CE during
a 6-h incubation, was retained well after 24 h. However, a re-
duction in radioactivity after 24 h  was observed in PC in both
cell types. Also, a marked reduction in radioactivity after 24 h
was observed in TAG of CHO-K1 cells, i.e., less than 2% of total
radioactivity was in TAG. On the other hand, the radioactivity
incorporated into TAG in ZP102 cells was negligible through-
out the incubation period.

Membrane fluidity of ZP102 and CHO-K1 cells. The
anisotropic values for CHO-K1 and ZP102 cells at 37°C were
0.151 ± 0.006 and 0.178 ± 0.004 (mean ± SD for separate de-
terminations), respectively. The value for ZP102 cells was
significantly higher than that for CHO-K1 cells (P < 0.001),
showing the decreased membrane fluidity of ZP102 as com-
pared with control cells. The effect of temperature on the flu-

orescence anisotropy parameter, [(r0/r) – 1]–1, of DPH in
membranes is illustrated by representative Arrhenius plots in
Figure 4. An increase in temperature produced a concomitant
decrease in the [(r0/r) – 1]–1 value, which meant an increase
in membrane fluidity. However, the evolution of fluidity was
not linear; a thermotropic transition temperature was indeed
observed at 30.9 ± 1.5°C for ZP102 cells. The [(r0/r) – 1]–1

value of CHO-K1 cells was significantly (P < 0.01) decreased
as compared with that of ZP102 cells. The thermotropic tran-
sition temperature of CHO-K1 cells was 26.4 ± 1.2°C. The
temperature of lipid phase separation of the membranes of
ZP102 cells was elevated as compared with that of CHO-K1
cells.

DISCUSSION

We demonstrated several changes in lipid composition and
FA metabolism due to defective functioning of peroxisomes.
First, the finding that the amount of TAG was decreased in
ZP102 cells demonstrated the altered TAG metabolism. The
sn-glycero-3-phosphate pathway represents a de novo route
to TAG formation. FA are converted into acyl-CoA esters be-
fore they are esterified to sn-glycero-3-phosphate, and the re-
sulting phosphatidate is converted to TAG. Dihydroxyacetone
phosphate (DHAP) is a known substrate for ether lipid syn-
thesis but can act as an alternative acyl acceptor for TAG
biosynthesis. DHAP acyltransferase, which is one of the per-
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FIG. 3. Pulse-labeling with [1-14C]lignoceric acid in CHO-K1 and ZP102 cells. Nearly confluent CHO-K1 and ZP102 cells were labeled with 1-
[14C]lignoceric acid for 6 h, and the medium was then changed to that without the radioactive FA. Cultivation was continued for an additional 24
h, and total lipids were then extracted as described in the text. The radioactivity of the total lipid extract was counted with a scintillation counter.
Lipid extract equivalent to 10,000 dpm was developed with a solvent system, either chloroform/methanol/water (65:35:8, by vol) or n-hexane/
diethyl ether/acetic acid (80:20:1, by vol). The ordinate represents the percentage of radioactivity of each lipid fraction compared to the total ra-
dioactivity. Data are the means ± SD (shown by error bars) of three independent experiments, each performed in duplicate. Values with an asterisk
differ significantly from the control (CHO-K1) value: P < 0.01. For abbreviations see Figure 1.
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oxisomal enzymes, catalyzes the acylation of DHAP to form
1-acyl DHAP. This reaction leads to glycerol ester lipids fol-
lowing the enzymatic reduction of the reaction product by
NADPH to 1-acyl-sn-glycerol-3-phosphate (20). Although
changes in TAG metabolism have not yet been demonstrated
in PBD, peroxisomal glycerolipid-synthesizing enzymes in-
cluding DHAP acyltransferase were recently reported to be
induced during the differentiation of adipocytes, in which half
of the TAG is synthesized via the DHAP acyltransferase path-
way (21). If the same DHAP acyltransferase pathway for the
synthesis of TAG exists in the peroxisomes of CHO-K1 cells,
the decreased TAG content in ZP102 cells may be explained
by decreased DHAP acyltransferase activity. Furthermore,
PUFA reportedly reduce hepatic synthesis and the secretion
of TAG by lowering the activity of acyl-CoA 1,2-DAG acyl-
transferase (22,23). Since total FFA and the n-3 unsaturated
FA content in ZP102 cells were higher than those in CHO-K1
cells, the synthetic potential for TAG might be suppressed in
ZP102 cells. Moreover, not only the total TAG content but
also the molecular species of TAG were altered in ZP102
cells, which had a significantly higher concentration of ligno-
ceric acid (24:0) than that of CHO-K1 cells. In this regard,
VLCFA have been reported to accumulate primarily in the
form of esterified lipids, i.e., in the CE fraction, in peroxiso-
mal disorders (24), suggesting them to be pathogenic factors
in some of these disorders (25,26). In addition, it has been hy-
pothesized that VLCFA are more likely to be esterified to
lipids than are shorter-chain FA (27). The esterified form of
lignoceric acid was found in TAG of ZP102 cells at a signifi-

cantly higher concentration than in that of CHO-K1 cells.
However, the rate of incorporation of labeled lignoceric acid,
as well as other FA, into TAG was lower than that in CHO-K1
cells, indicating that the higher content of lignoceric acid in
TAG of ZP102 cells is not attributable to increased incorpora-
tion. Since the metabolism of [14C]lignoceric acid-labeled
TAG in CHO-K1 cells was rapid in comparison with that in
ZP102 cells, lignoceric acid was suspected to be lost from
TAG of CHO-K1 cells. TAG are the main form of energy
within the cell, but are also a source of DAG. DAG are also
generated from phospholipids. The cross-talk between TAG
and phospholipids occurs via the metabolic pathway for DAG
(28–30). In consequence, the altered TAG metabolism in
ZP102 cells might reflect altered phospholipid metabolism,
such as the absence of ether phospholipids, which have fre-
quently been observed in the tissues of patients with primary
peroxisomal dysfunction.

Lipid composition analysis also demonstrated a higher con-
centration of FFA in ZP102 than in control cells. FFA have been
confirmed to be responsible for the opening of potassium and
calcium ion channels, for changes in the intracellular pH, and
also in acting as signal mediators (31–34). Consequently, the al-
tered metabolism and accumulation of FFA in ZP102 cells
might modify several bioactivities. In radiolabeling experi-
ments, the rates of incorporation of labeled unsaturated FA into
glycerophospholipids in ZP102 cells were significantly lower
than those in CHO-K1 cells. Consequently, unsaturated FA
might accumulate in the FFA fraction of ZP102 cells as demon-
strated in Table 1. Labeled lignoceric acid remained in a free
form in ZP102 cells in a higher amount than in CHO-K1 cells
after a 6-h incubation, whereas the amount of lignoceric acid in
the FFA fraction was definitely lower than that in CHO-K1 cells
(Table 1). These observations imply that lignoceric acid might
be utilized for the synthesis of lipids, such as CMH and TAG,
on longer incubation. In fact, lignoceric acid incorporated into
ZP102 cells was utilized for the synthesis of CMH at a signifi-
cantly higher level than in control cells. In addition, the CMH
concentration was higher in ZP102 than that in the control cells,
and ganglioside GM3 was found to be increased in ZP102 cells
(Saito, M., and Iwamori, M., unpublished results), consistent
with findings in Z65 cells, which have a Pex2 mutation (9).
Palmitic acid was also incorporated at a higher rate into CMH
of ZP102 cells than into that of control cells, indicating that sat-
urated FA are preferentially utilized for the metabolism of CMH
in ZP102 cells. The pulse labeling experiment demonstrated that
lignoceric acid incorporated into both cell types with a 6-h in-
cubation was continuously utilized for the synthesis of SM and
PE, leading to the higher radioactivity at 30 h than at 6 h, al-
though the radioactivity of the other lipids at 30 h was essen-
tially the same as or lower than that at 6 h. The rate of continu-
ous utilization of labeled lignoceric acid for SM synthesis in
CHO-K1 cells was higher than that in ZP102 cells, resulting in
the higher radioactivity of the SM fraction at 30 h in CHO-K1
cells. It is noteworthy that higher radioactivity was restricted to
the SM and CMH fractions of ZP102 cells after a 6-h incuba-
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FIG. 4. Temperature dependence of the fluorescence anisotropy of 1,6-
diphenyl-1,3,5-hexatriene (DPH) in control cells (▲) and ZP102 cells
(●). The ordinate is fluorescence anisotropy. The abscissa is the recip-
rocal of the absolute temperature. Experimental details are given in the
text. This experiment is representative of the three that were performed.



tion. Taken together, these results indicate that saturated FA tend
to be incorporated into membrane phospholipids more quickly
in ZP102 than in control cells. Furthermore, sphingolipid me-
tabolism, which preferentially utilizes saturated FA, is signifi-
cantly enhanced in ZP102 cells. 

To date, it has been shown that abnormal metabolism of
VLCFA alters membrane fluidity (24–26). Whitcomb et al. (26)
hypothesized that cells exposed to VLCFA exhibit increased
membrane microviscosity, with a consequent decrease in hor-
mone sensitivity. In PBD patients, multiple peroxisomal enzy-
matic defects make it difficult to unravel the mechanism under-
lying altered membrane fluidity. In fact, higher mobility of
membrane lipids has been demonstrated in fibroblasts from a
patient with PBD (36). Hermetter et al.  (35) stressed that fac-
tors influencing membrane fluidity (19) such as the choles-
terol/phospholipid ratio, the protein/phospholipid ratio, and the
FA composition were essentially identical in PBD and control
cells. They speculated that the higher membrane fluidity in PBD
patients’ fibroblasts might be due to lipid asymmetry or plas-
malogen protein interactions. In the present study, we showed
decreased membrane fluidity in peroxisome-defective cells,
findings inconsistent with those of previous studies. Possible ex-
planations for this discrepancy are the cell types examined,
whether the experiments were conducted on whole living cells
or plasma membrane fragments, and the kind of fluorescence
probe used. In ZP102 cells, the saturated/unsaturated FA ratio in
the SM fraction was lower than that in control cells. The amount
of lignoceric acid in the PE fraction was higher in ZP102 than in
control cells. These factors have adverse effects on membrane
fluidity. Other factors, such as the molecular species of phospho-
lipids, may be responsible for the effect on membrane fluidity
observed in ZP102 cells. We did not obtain direct evidence that
the spectrum of severe symptoms observed in PBD patients is
causally linked to alterations of FA metabolism and membrane
fluidity. However, our analyses of the stability, fluidity, and per-
meability of biomembranes of peroxisome-defective cells
should provide clues for clarifying the effects of peroxisomal
deficiency on lipid metabolism in the pathogenesis of PBD.
Based on these results, experiments involving cells with Pex2 or
Pex5 mutations, Pex5 knockout mice, and tissues from patients
with PBD are now in progress in our laboratory.
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ABSTRACT: The properties of three mucins were examined to
identify the structural features responsible for their functional dif-
ferences. Bovine submaxillary mucin (BSM), porcine gastric
mucin (PGM), and rat intestinal mucin (RIM) were each charac-
terized, and high carbohydrate contents were found for RIM and
PGM. The amino acid compositions were typical of mucin glyco-
proteins, with over half comprising small, neutral amino acids.
Thereafter, each mucin was equilibrated with three different se-
ries of concentrations of the bile salts sodium taurocholate,
sodium taurodeoxycholate, and sodium taurochenodeoxy-
cholate. Following multiple centrifugations, the supernatant and
mucin pellet concentrations of the bile salts were measured. The
bile salt pellet concentration was plotted as a function of super-
natant concentration, and from the slopes, the excluded volumes
were calculated as 25, 29–44, and 28–55 mL/g for BSM, RIM,
and PGM, respectively. The intercepts were 8–10, 2–3, and 1–3
mM for BSM, RIM, and PGM, respectively, which represents an
estimate of the bound concentration of bile salt. Differences
among the bile salts were observed in the excluded volume and
amount bound, but no trends were evident. The bile salts may in-
teract as aggregates with the hydrophobic areas and carbohydrate
side chains of the mucins, providing favorable sites for associa-
tion. The binding at low concentrations with exclusion at high
concentrations is significant for modulating the absorption of lipid
aggregates from the intestine. Finally, the differences among the
mucins reflect the unique structure–function relationship of these
gastrointestinal mucins.

Paper no. L9332 in Lipids 39, 51–58 (January 2004).

Mucus represents a biologically significant but complicated
material (cf. 1). Mucus is secreted at the surface of all mucous
membranes and is widely distributed at body–environment in-
terfaces. This includes the eye, respiratory tract, vaginal tract
and cervix, bladder, gallbladder, and along the entire length of
the gastrointestinal tract. The mucous gel is primarily water,
but contains mucin-type glycoproteins that are responsible for
the characteristic viscoelasticity. These glycoproteins are large-
M.W. species (>106 D), typically consisting of about 20–30%
protein and 70–80% carbohydrate. Our interest has been in the

gastrointestinal (GI) mucins. In particular, the properties of
salivary, gastric, and intestinal mucins were examined to iden-
tify unique structural features that would relate to the functional
differences. As is well known, salivary mucin provides a lubri-
cant activity for ingested food, gastric mucin prevents the self-
digestion of the stomach, and intestinal mucin provides a coat-
ing for facilitating the passage of the luminal contents.

Based on recent genomic investigations, more detailed
structures of the protein core of secreted mucins have been pro-
posed (1–3). The linear, central protein core is highly glycosy-
lated and is flanked by regions of globular protein that are rich
in cysteine residues and may be involved in inter- and intra-
molecular disulfide bonds. The variability in M.W. arises from
the central region that contains tandem repeats, which are
amino acid sequences that are repeated a variable number of
times. Along the GI tract, MUC5B is expressed in the salivary
gland, MUC5AC is highly expressed and MUC6 expressed to
a lesser extent in the stomach, and MUC2 and MUC3 are ex-
pressed in the small intestine. From the known models of these
mucins, there is considerable homology among them despite
their disparate functions. Nevertheless, the tandem repeats and
cysteine-rich regions are distinct among these mucins (3).

In addition to the distinct protein cores, the carbohydrate
side chains also differ. Although the O-glycosidic side chains
of all mucins contain the same monosaccharides, the length of
the side chains varies among GI mucins (1). Bovine submaxil-
lary mucins (BSM) have relatively short chains with an aver-
age length of two units (4). Rat intestinal mucins (RIM) have
intermediate chains with lengths most often in the range of
three to four units (5). Human gastric mucins are believed to
have much longer side chains extending as long as 19 units
(6,7). The terminal sugar is often sialic acid, although sulfate
groups are found on gastric mucins. Finally, whereas RIM is
typically isolated in its pure native form, many investigators
rely on commercially available preparations for BSM and
porcine gastric mucin (PGM). These contain impurities, and
their native 3-D structures may be altered due to lyophilization.

Transport of bile salts through mucin is a critical step in the
absorption of fat and poorly water-soluble drugs. Therefore,
bile salt aggregates were used to probe the interaction of mi-
celles with these three mucins. Although fully expecting a sig-
nificant size and charge exclusion of the bile salt micelles from
the mucin gels (8–15), a specific association became evident.
In this work, the interaction of three different bile salts with
three distinct mucins of the GI tract was examined, from which
the magnitude of association and exclusion by the glycoprotein
networks was obtained. 
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EXPERIMENTAL PROCEDURES

Materials. Sodium taurocholate (TC), sodium taurodeoxy-
cholate (TDC), sodium taurochenodeoxychoate (TCDC), 11α-
hydroxyprogesterone, pilocarpine, PGM-III, and BSM IS were
purchased from Sigma Chemical Co. (St. Louis, MO). Sodium
trimethylsilyl-tetradeutero-propionate was purchased from
Aldrich Chemical Co. (Milwaukee, WI). Water was deionized
and then distilled, and methanol was HPLC grade. All other
chemicals were reagent/analytical grade or better. RIM was iso-
lated from male Sprague-Dawley rats (250–500 g). This study
was approved by the Institutional Animal Care and Use Com-
mittee. Rats were given a 0.4-mL intraperitoneal injection of
pilocarpine (160 mg/mL) and were sacrificed 30 min later (16).
Mucin was then isolated and characterized by the extraction
method of Carlsted et al. using 4 M guanidine (5,12). The
amino acid analysis was conducted by the Microchemical Fa-
cility at the University of Minnesota.

Methods. (i) Centrifugation. The mucins and bile salts were
prepared in aqueous solutions containing 0.9% sodium chlo-
ride and 0.1% sodium azide adjusted to pH 7.0. BSM and
PGM, at initial concentrations of 1%, were centrifuged at
17,000 × g for 90 and 120 min, respectively, in tared, skirted,
screw-capped microcentrifuge tubes in a refrigerated cen-
trifuge. RIM, ca. 0.003%, required centrifugation at 13,000 × g
for 5 min for complete recovery owing to its aggregated state.
A known mass of bile salt solution, ranging in concentration
from 2 to 50 mM, was added to each. The dispersion was
briefly vortexed and centrifuged. The supernatant was removed
and the remaining mass determined. Another aliquot of the bile
salt solution was added, and the dispersion was again vortexed
and centrifuged. The addition and centrifugation process was
repeated a third time, after which the mass of supernatant and
pellet were each measured. 

The bile salt concentration was determined by HPLC in the
supernatant and also in the pellet following dilution with 150
µL of water and vigorous vortexing using a modified published
procedure (12). The mobile phase for sodium TC was 50 mM
potassium phosphate buffer (pH 3.4)/methanol/water (1:4:1 by
vol) and for TDC and TCDC, 10 mM sodium dihydrogen phos-
phate/methanol (3:7 vol/vol). The column was a Supelcosil
LC-18 (25 × 0.46 cm, 5 µm particle size; Supelco, Bellefonte,
PA). The system consisted of a Shimadzu C-R5A integrator,
SPD-6AV detector at 220 nm, SIL-10Advp autoinjector, and
an LC-10Atvs pump running at 1 mL/min. 

The mucin concentration in the remaining pellet was deter-
mined gravimetrically after drying. The concentration of mucin
was corrected for the presence of bile salt, sodium chloride, and
sodium azide. Since no trend was evident in the mucin concen-
tration as a function of bile salt concentration, the mucin con-
centration was reported as the mean of all samples. The effect
of salt on the final pellet weight was determined by centrifug-
ing different salt concentrations with mucin in a manner simi-
lar to the one described for the bile salt solutions. The measured
mass of the dried sample was corrected for the presence of
sodium chloride.

We intended the series of samples to vary with respect to
bile salt concentration but have a constant mucin concentra-
tion. However, the samples were determined experimentally to
have slightly different mucin concentrations. To correct the ob-
served concentration of bile salt in the pellet to the same mucin
concentration, the following approach was taken: The mea-
sured concentration of bile salt in the pellet was first plotted as
a function of that measured in the supernatant. The data were
initially fit by linear regression, and the average mucin concen-
tration in the samples was calculated. The corrected pellet con-
centration of bile salt, BSp,corr, was calculated as follows:

[BS]p,corr = [BS]p + (slope)(1 − Mave/Ms)[BS]s

+ (intercept)(1−Ms/Mave) [1]

where [BS]p and [BS]s are the measured bile salt concentra-
tions in the pellet and supernatant respectively, Mave is the av-
erage mucin concentration, and Ms is the mucin concentration
of the sample; the slope and intercept were obtained from the
initial linear regression. The corrected bile salt concentrations
in the pellet were then plotted as a function of the supernatant
bile salt concentrations. This inherently assumed that the slope
and intercept were linearly proportional to the mucin concen-
tration over a small range of values. The linear regression was
repeated, and the 95% confidence limits of the slope and inter-
cept were calculated. For statistical analyses, comparisons of
the slopes and intercepts were carried out in a pair-wise man-
ner using a Microsoft Excel spreadsheet with 95% confidence
intervals.

(ii) Diffusion coefficient measurement and analysis. The dif-
fusion coefficients of the bile salts were determined in the
supernatants by pulsed field gradient spin-echo NMR spec-
troscopy as described previously (12). The results were ana-
lyzed by assuming a two-state model for the observed diffu-
sion coefficient of the bile salt, Dobs,

Dobs = fiDi + fmDm [2]

where fi and Di are the fraction and diffusion coefficients of
bile salt as a monomer, and fm and Dm are the fraction and dif-
fusion coefficients of bile salt in the aggregated form. The frac-
tions may be written in terms of the total bile salt concentration,
[TC]t, and monomer concentration, critical micelle concentra-
tion (CMC), as follows:

Dobs = (CMC/[TC]t)Di + {1 − (CMC/[TC]t)}Dm [3]

This may be rearranged as

Dobs[TC]t = CMC(Di − Dm) + Dm[TC]t [4]

so that a plot of the product of the observed diffusion coeffi-
cient and total bile salt concentration as a function of the total
bile salt concentration will yield a straight line with a slope
equal to the diffusion coefficient of the bile salt micelle. A
viscosity of 1 cP was assumed to allow calculation of the
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hydrodynamic radius from the inferred diffusion coefficients
of the aggregates using the Stokes–Einstein equation (17).

RESULTS AND DISCUSSION

The composition of each mucin is given in Table 1. The pro-
tein concentration was determined by both Lowry’s assay using
albumin as a standard and amino acid analysis. The differences
among the results are reasonable given the nature of these as-
says. PGM had the lowest protein content, at about 17% of the
dry weight. BSM had the highest content, with as much as 50%
of the mass due to protein. The carbohydrate content ranged
from a low value of 51% for BSM to more than 86% for RIM.
The low content of BSM was unexpected, but indicates that the
material purchased from Sigma is a relatively poor model for
native salivary mucins. The results for RIM reported in this
study are distinct from those given in an earlier work (12). The
difference likely arises from the use of pilocarpine, which stim-
ulated the release of mucin (16). 

The sialic acid content is important, as this amino sugar
bears a negative charge. BSM had the highest value at 10% and
PGM the lowest at just over 1%. It should be noted that PGM
is expected to contain sulfate groups, which provide the nega-
tive charge in gastric mucins (1). Neither BSM nor RIM has
been reported to contain a significant amount of sulfate (1). 

The results of the amino acid analyses are given in Table 2,
which were very similar overall. In analyzing the composition,
PGM had about 10% negatively charged amino acids, whereas
RIM and BSM had just over 15%. For the small, neutral amino
acids, RIM had 46%, BSM had 54%, and PGM had 68%. For
hydrophobic amino acids, PGM had the least at 10%, BSM had
20% and RIM had just under 30%. Finally, all three mucins had
about 10% positively charged amino acids.

In Figure 1, the corrected concentration of TDC in the
mucin pellet is given as a function of the supernatant bile salt
concentration for RIM, PGM, and BSM. The solid lines repre-
sent the best fits for supernatant concentrations of 10 mM and
greater. This concentration range was chosen for analysis, since
it lies above the consensus values of the CMC reported for the
bile salts, which are 5, 2, and 4 mM for TC, TDC, and TCDC,
respectively (18). As can be seen, the concentration of TDC in
the pellet rose linearly with the concentration in the supernatant
for concentrations greater than 10 mM. The low concentrations
fell below the regression line for all three mucins. The slopes
of the lines were less than unity, indicating that the bile salt pel-

let concentration was lower than the supernatant concentration.
However, most interestingly, the intercepts of the regression
line were greater than zero. The results for each mucin were
distinct as well. PGM was found to have the smallest intercept
for TDC, whereas RIM had the largest slope. The slope for
BSM was intermediary, but the line had the highest intercept.

In Figure 2, the corrected RIM pellet concentration of the
three bile salts is given as a function of the supernatant bile salt
concentration. As mentioned, the data could be fit to a straight
line at concentrations greater than 10 mM. In each case, the
slope was less than unity, and the intercept was greater than
zero. For RIM, the intercept of TCDC was significantly lower
than the intercepts obtained with TC and TDC. Moreover, the
slope of TDC was greater than the slopes of TC and TCDC at
95% confidence. Analogous relationships were examined for
the other two mucins, BSM and PGM; the slopes and intercepts
of the fitted lines, along with the 95% confidence limits, are
shown in Tables 3 and 4. In general, similar results were ob-
served with BSM and PGM. The two exceptions were that the
intercept of TDC in BSM was greater than that of TC, and none
of the slopes or intercepts was significantly different for PGM.

The average value of the concentration of mucin was calcu-
lated from the dry weights and is given in Table 5. The RIM
was low, being less than 0.1%, whereas BSM and PGM ranged
between 2 and 3%. This difference suggests that the aggregated
state of isolated RIM is distinct in comparison with the com-
mercial preparations of BSM and PGM. In this study, RIM ap-
peared as a fine dispersion, where floccules of mucin had a do-
main size on the order of 100 µm. BSM and PGM yielded hazy,
moderately viscous dispersions indicative of a mucin solution
in the presence of insoluble material. The lower-weight frac-
tion obtained with RIM presumably was a result of cross-link-
ing that limited the concentration that could be achieved with
centrifugation. 

Before discussing the implications of these results, a ques-
tion may arise as to whether equilibrium was achieved by using
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TABLE I
Properties of Rat Intestinal Mucin (RIM), Bovine Submaxillary Mucin
(BSM), and Porcine Gastric Mucin (PGM) Expressed as Dry Weight

RIM PGM BSM

Protein (g/100 g,
Lowry’s assay 33.9 ± 2.0 16.63 ± 0.49 36.9 ± 3.6

Protein (g/100 g,
amino acid analysis) 25.4 18.9 49.4

Carbohydrate (g/100 g) 86.5 ± 9.1 76 ± 20 51.59 ± 0.72
Sialic acid (g/100 g) 5.16 ± 0.54 1.19 ± 0.22 9.95 ± 0.18

TABLE 2
Percent Amino Acid Composition of Mucinsa as Determined
by Amino Acid Analysis

RIM PGM BSM

Asp 7.1 3.8 6.2
Glu 8.2 6.2 9.5
Thr 14.0 20.8 10.8
Ser 9.1 12.5 11.8
Pro 8.5 16.8 9.2
Gly 8.1 10.4 12.0
Ala 5.8 7.5 10.1
Cys 0.7 0.2 0.3
Val 5.9 4.6 6.6
Met 1.8 0.2 0.7
Ile 5.4 1.5 2.8
Leu 8.5 2.9 6.6
Tyr 3.1 0.0 1.6
Phe 4.4 0.8 2.2
His 2.5 4.2 1.8
Lys 3.9 4.4 3.8
Arg 3.0 3.2 4.1
aFor abbreviations see Table 1.



multiple centrifugations. Although binding experiments in-
volving centrifugations are commonly performed with small-
M.W. solutes and proteins, the aggregated state of mucin along
with the presence of micelles raises a concern. In addition, pre-
vious work in this laboratory using equilibrium dialysis of
phospholipid/bile salt dispersions with mucins (11,12,19) as
well as the work of other researchers  using dialysis (20–22)
have repeatedly demonstrated that long equilibration times are
required to achieve equilibrium between lipid aggregates and
mucins. 

Two key factors in earlier publications are distinct from the
present work. The first is the presence of PC. PC can be con-
sidered to exist exclusively in an aggregated form, since the
solubility of monomeric PC is quite low. As such, exchange
among aggregates would occur only by a collision process.
This is inherently slow, especially for large aggregates. In the
present study, no phospholipids were present. The second is the
resistance of the dialysis membrane. In earlier studies, the 500

MWCO membrane allowed the passage of bile salts but only
slowly, since their M.W. actually exceeds 500 Da (11,20).
Therefore, a high resistance would be encountered in the diffu-
sion of bile salts through the pores. In this study, there was no
diffusion across a dialysis membrane. 

The equilibration time in centrifugation studies is deter-
mined by the exchange rates and the associated diffusivity of
the bile salt monomers. Micelles containing only bile salts un-
dergo rapid exchange between the monomers and aggregates
(23). Moreover, the exchange occurs on the millisecond time
frame, since NMR spectra contain only peaks representing a
time average of the two environments, monomer and micelle
(11). Diffusion of bile salt monomers is relatively fast as de-
duced from the measured micelle diffusion coefficients. Fi-
nally, owing to the fast exchange, diffusion of a micellar aggre-
gate into the mucin gel particles is not necessary. 

Binding to proteins or glycoproteins is also characterized by
fast on/off rate constants, since there is no high-affinity binding.
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FIG. 1. Concentration of sodium taurodeoxycholate (TDC) in the supernatant (s) as a function
of the concentration of sodium TDC in the mucin pellet (p) for three different mucins, (◆) rat
intestinal mucin, (■) porcine gastric mucin, and (▲) bovine submaxillary mucin.



Only when very high-affinity binding is encountered do equili-
bration times become a concern. This is not the case in this
study. Thus, given the rapid exchange of bile salts with mi-
celles, the rapid diffusion between the micelle and glycopro-
tein surface, and the rapid exchange between the monomer and
glycoprotein, there was ample equiliberation time in the multi-
ple centrifugations that were performed to allow equilibration
of the bile salts with the mucin aggregates.

In examining the results, the concentration of bile salt in the
mucin pellet appears to be a linear function of the bile salt con-
centration in the supernatant where the slope is less than unity.
The slope is related to the excluded volume of mucin. Although
the excluded volume effect may be expected to be a nonlinear
function of mucin concentration, it is not unreasonable to have
the same excluded volume effect as the concentration of solute
being excluded is varied. Thus, the linear function is reason-
able, although expanding the range of concentrations could
very well yield nonlinearity. 

From the dry weights and the slopes of the bile salt concen-
trations in the pellet given as a function of the supernatant con-

centration, the volume excluded per gram of mucin was calcu-
lated. For RIM, the values ranged from 29 to more than 44
mL/g, suggesting a very large exclusionary boundary layer.
The values for PGM were similar, ranging from 28 to 55 mL/g.
Thus, following correction for the mucin concentration, the ex-
cluded volume per gram was similar for RIM and PGM. These
large excluded volumes correlate with the high carbohydrate
content. In contrast, the excluded volume of BSM was smaller,
with values less than 25 mL/g, and BSM also had a relatively
low carbohydrate content. 
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FIG. 2. Concentration of bile salt (BS) in the supernatant (s) as a function of BS concentration
in the rat intestinal mucin pellet (p) for three different bile salts, (◆) taurocholate (TC), (■) tau-
rodeoxycholate (TDC), and (▲) taurochenodeoxycholate (TCDC). 

TABLE 3
Intercepts (± 95% confidence limit) of Plots of the Supernatant
Concentration as a Function of Pellet Concentration of Bile Salts

RIM PGM BSM

TC 3.26 ± 0.94 2.13 ± 0.48 8.77 ± 0.78
TDC 3.97 ± 0.82 1.89 ± 0.64 10.47 ± 0.78
TCDC 2.57 ± 0.39 1.53 ± 0.54 10.1 ± 4.1
aTC, taurocholate; TDC, taurodeoxycholate; TCDC, taurochenodeoxy-
cholate; for other abbreviations see Table 1.



Other factors were also considered in addition to carbohy-
drate content, but they did not appear to have a major effect on
the excluded volume. As noted, RIM retained its cross-linked
network, whereas PGM and BSM were hazy, viscous disper-
sions representative of simple physical entanglement. Never-
theless, there was no dramatic difference in the excluded vol-
umes between RIM and PGM. This suggests that chemical
cross-links did not dramatically influence the excluded volume.

Another factor that was examined was electrostatic interac-
tion. For this purpose, the mucin weight fraction was determined
as a function of sodium chloride concentration following cen-
trifugation. From 5 to 100 mM NaCl, there was a substantial in-
crease in the dry weight corresponding to a decrease in pellet vol-
ume. However, above 100 mM, no significant changes in the

mucin weight fraction were observed. Thus, at physiological
concentrations of salt (i.e., 150 mM), electrostatic repulsion ap-
pears to be of little importance in determining the molecular
conformation. This is also consistent with the view that the
steric hindrance of the oligosaccharide side chains is most im-
portant in determining molecular inflexibility (1).

In principle, the excluded volume should depend on the mi-
celle size of the bile salt. To address this aspect in more detail,
the diffusivity of the micelle in the supernatant was determined
as a function of concentration; the results are shown in Figure
3. From the slopes, the diffusion coefficients of the micelles
were obtained, which are given in Table 6. In the supernatant
above RIM, these were 2.00, 1.09, and 1.21 × 10−6 cm2/s for
TC, TDC, and TCDC, respectively. From the bile diffusivities,
the corresponding hydrodynamic radii were calculated with the
Stokes–Einstein equation, which yielded 11, 20, and 18 Å for
TC, TDC, and TCDC, respectively. These values correspond
well with the aggregation numbers reported in the literature
(18). TC is known to be relatively small, with an aggregation
number between 4 and 5. TDC and TCDC form larger aggre-
gates, which are found to depend strongly on the bile salt con-
centration and ionic strength of the solution. Since the hydro-
dynamnic radii were less than twice that observed with TC, the
aggregation number for TDC and TCDC was expected to be
less than 30. 

From the diffusion coefficients, the rank order of micelle
size is given as TC < TCDC < TDC, which in principle should
dictate the order of the excluded volume. However, as shown
in Table 4, the slopes, which represent the free volume, do not
follow any trend. Thus, excluded volume was not found to cor-
relate with micelle size. It may be that the differences in micelle
size are too small to have a significant effect. Alternatively, the
association of bile salts with the mucin represents a confound-
ing influence on the excluded volume. Overall, the carbohy-
drate content appears to be the most influential factor in deter-
mining the excluded volume of mucins with bile salt micelles.

In addition to the slopes, the positive intercepts are of inter-
est. One possible explanation is that bile salts associate with
mucin. The intercepts had values that ranged from 1 to more
than 10 mM, which allowed calculation of the moles of bile salt
bound per gram of mucin. For RIM, the values ranged from
0.28 to 0.48 mmol/g; BSM also had relatively high values at
0.32–0.43 mmol/g, whereas PGM had values in the range of
0.096–0.127.

Other investigators have found that mucin can bind solutes.
Early work by Smith and LaMont (24) indicated that there were
about 42.5 binding sites per gallbladder mucin molecule for a
hydrophobic fluorescent probe. This translates into 0.0425
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TABLE 4
Slopes (± 95% confidence limit) of the Plots of the Supernatant
Concentration as a Function of the Pellet Concentration of Bile Saltsa

RIM PGM BSM

TC 0.638 ± 0.049 0.398 ± 0.027 0.449 ± 0.072
TDC 0.754 ± 0.044 0.333 ± 0.031 0.507 ± 0.038
TCDC 0.687 ± 0.025 0.332 ± 0.036 0.409 ± 0.014
aFor abbreviations see Tables 1 and 3.

TABLE 5
Average Dry Weight of Mucin (mean ± SD, g/g) Measured in Samples
Used in the Centrifugation Experimentsa

RIM PGM BSM
TC 0.0081 ± 0.0017 0.021 ± 0.001 0.027 ± 0.003
TDC 0.0083 ± 0.0019 0.020 ± 0.001 0.032 ± 0.002
TCDC 0.0090 ± 0.0019 0.012 ± 0.002 0.023 ± 0.002
aFor abbreviations see Tables 1 and 3.

FIG. 3. Plot of the product of the BS concentration and observed diffu-
sion coefficient, Dobs, as a function of the total BS concentration (s, tot)
for (◆) TC, (■) TDC, and (▲) TCDC. For abbreviations see Figures 1
and 2.



mmol of binding sites/g of mucin, which is an order of magni-
tude less than the values just given for the bile salts. Given the
large discrepancy, it is unlikely that the binding phenomena are
similar. One possibility is that bile salts associate with mucin
as micellar aggregates rather than binding as monomers to spe-
cific sites, as was suggested for the fluorescence probe. Since
only data above the CMC were only analyzed, it is not possible
to evaluate the binding of monomers. Nevertheless, the magni-
tude of the binding suggests that micelle binding occurs at con-
centrations above the CMC.

In comparing the binding by mucins, BSM and RIM had
two and three times the content of hydrophobic amino acids,
respectively, relative to PGM. As such, hydrophobicity may
contribute to their greater binding. As noted, mucin possesses
a long central protein backbone from which carbohydrate side
chains extend. Based on a chemical analysis of RIM, carbohy-
drate side chains occur about every third to fourth amino acid
and have an average length of 3.4 units (1). It is well known
that this region is well hydrated with water. Bile salts, in turn,
are believed to undergo back-to-back self-association. This al-
lows their hydrophobic surface to be shielded from water yet
permits the α-hydroxyl moieties to interact freely with water.
The oligosaccharides also may promote accumulation of bile
salt micelles. That is, bile salt aggregates are located among the
carbohydrate side chains of mucin. In this site, the water hy-
drating the bile salt micelle and carbohydrate side chains would
be released as the bile salt and carbohydrates underwent inter-
molecular hydrogen bonding. 

Such an explanation is supported by the observation that the
two mucins, RIM and BSM, which are rich in short carbohy-
drate side chains, had considerably more binding of bile salts.
This is in contrast with PGM, which has relatively long side
chains. It is also consistent with the relative insensitivity of the
binding number to the type of bile salt. All three mucins had an
equivalent content of positively charged amino acids, so this
does not appear to be a decisive factor in the different amounts
bound. However, the negatively charged micelles were not ex-
pected to associate readily with the mucin that also bore a net
negative charge. Nevertheless, the presence of 150 mM NaCl
would greatly minimize the electrostatic repulsion. Clearly,
more studies examining the effect of ionic strength would be
of interest (25).

In this study, both the association and exclusion of bile salts
by GI mucins have been suggested. The exclusionary effect of
mucin on phospholipid/bile salt aggregates has been addressed
previously (11,12,20,25); however, study designs did not allow
for quantitative assessment of the simultaneous association and
exclusion. Moreover, the use of equilibrium dialysis mem-

branes precluded examination of high concentrations of mucin,
which are experimentally necessary to measure the binding.
Thus, the past results presented a clouded picture where at
times binding dominated, at other times exclusion dominated,
and very often the binding and exclusion were similar and no
effect was observed (11,12,25). In the present study, the use of
centrifugation provided a means to generate high concentra-
tions of mucin. 

In summary, the interaction of bile salts with three GI
mucins was studied. Bile salts were found to associate with
mucin at low concentration, but were excluded at high concen-
trations. The composition and structural information on each
mucin were used to explain the results, which indicated that the
carbohydrate content correlated with a high excluded volume
but that the hydrophobic amino acid content was related to the
extent of binding.
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ABSTRACT: The FA composition of glycerophospholipid (GPL)
classes and subclasses was investigated in whole animals of three
marine bivalve mollusks: the Japanese oyster Crassostrea gigas, the
blue mussel Mytilus edulis, and the Manila clam Ruditapes philip-
pinarum. Individual organs (gills, mantle, foot, siphon, and muscle)
of the Manila clam also were examined. The PS plasmalogen
(PSplsm), PE plasmalogen (PEplsm), and PC plasmalogen (PCplsm)
subclasses were isolated by HPLC, and their individual FA compo-
sitions were examined using GC. Plasmalogen forms of PS and PE,
when compared to their respective diacyl forms, were found to be
specifically enriched with non-methylene-interrupted (NMI) FA
(7,15-22:2, 7,13-22:2, and their precursors) and 20:1n-11 FA. Such
a clear specific association was not found for PCplsm. Interestingly,
this trend was most apparent in PSplsm, and the above FA were
found to be, respectively, the predominant PUFA and monounsat-
urated FA in the PSplsm isolated from the three species. This speci-
ficity was maintained in all the analyzed organs of the Manila clam
but varied in proportions: The highest level of plasmalogens, NMI
FA, and 20:1n-11 was measured in gills and the lowest was in mus-
cle. These results represent the first comprehensive report on a FA
composition of the PSplsm subclass isolated from mollusks. The
fact that NMI FA and 20:1n-11, which are thought to be biosynthe-
sized FA, were mainly associated with aminophospholipid plas-
malogens (PE and PS) is likely to have a functional significance in
bivalve membranes.

Paper no. L9385 in Lipids 39, 59–66 (January 2004).

Ether glycerophospholipids (GPL) are subclasses of phospho-
lipids found in animal cells. The two predominant forms have
either an alkyl or an alkenyl ether linkage at the sn-1 position
of the glycerol moiety and an acyl linkage at the sn-2 position.
The 1-alkenyl-2-acyl ether GPL are commonly called “plas-
malogens.” The biological activity of plasmalogens is not fully
understood, although a number of functions have been pro-
posed. Plasmalogens are supposed to be important in mem-
brane dynamics, allowing the formation of inverted hexagonal
structures (HII) (1). Several recent studies have led to the pro-
posal that these ether lipids also may serve as endogenous an-
tioxidants to protect cells from oxidative stress (2–4). One

other function proposed is as sinks for PUFA, to maintain high
levels of these FA in some tissues (1). 

It is well established that marine invertebrates are especially
rich sources of plasmalogens whereas they contain only small
amounts of 1-alkyl-2-acyl GPL (see Refs. 5 and 6 for reviews).
Indeed, they generally have higher concentrations of plasmalo-
gens than other well-known rich sources such as mammalian
brain (7) and heart (1). In a variety of human tissues, high pro-
portions of plasmalogen forms were found in PE and to a lesser
extent in PC (see Ref. 1 for review). In winter-collected marine
invertebrates, Dembitsky and Vaskovsky (8) concluded that
these animals can be grouped according to the distribution of
plasmalogens in their phospholipids. Plasmalogens of Coelen-
terata and Echinoidea exist only as PE; those of Annelida,
Arthropoda, Ascidia, and most of the Echinodermata, as both PE
and PC; and those of Mollusca, as PE, PC, and PS. Later, Dem-
bitsky (9) repeated this investigation with animals collected dur-
ing the summer and confirmed that, among all examined inver-
tebrates, only mollusks contained PS plasmalogen (PSplsm). 

Very few analyses of the FA composition of marine mollusk
plasmalogens have been carried out. In fact, the separation of the
plasmalogen subclasses from the analogous diacyl subclass in a
GPL extract of molluscan tissues is quite difficult owing to the
complexity of the mixture of various molecular species as well
as to the similarities between their chemical structures. However,
in previous investigations, the acid-catalyzed hydrolysis of the
sn-1 position combined with a phospholipid separation by HPLC
has rendered possible the determination of the FA composition,
by GC, of the bulk of plasmalogen forms in the great scallop
Pecten maximus (10–13). GC–MS identification, after enzymatic
hydrolysis of phospholipid polar heads, also has been applied to
describe the detailed fatty acyl chain compositions of PE plas-
malogen (PEplsm) and PC plasmalogen (PCplsm) from the
Japanese oyster Crassostrea gigas (14,15). In these studies, no-
ticeable amounts of non-methylene-interrupted (NMI) FA were
found in PEplsm. These unusual FA have been previously de-
scribed in different phyla of marine invertebrates (6,16). More
recently, high levels of 22:2 NMI FA were found in the polar
lipids of C. gigas and Ruditapes philippinarum (17,18), but the
FA composition of plasmalogen and diacyl GPL were not deter-
mined in these studies. Pathways for the biosynthesis of 20:2
NMI (5,11 and 5,13) and 22:2 NMI (7,13 and 7,15) FA have
been reported in the bivalve mollusks Scapharca broughtoni and
Mytilus edulis (19,20). These results indicated that mollusks
have active FA elongation and desaturation systems permitting
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the de novo synthesis of these NMI FA. The unknown biological
roles of both plasmalogens and NMI FA in marine invertebrates
have motivated investigations of the distribution patterns of plas-
malogens (21) and NMI FA among different organs (22). Unfor-
tunately, analysis of plasmalogens and NMI FA were always
conducted separately, and speculations on the putative biological
functions of these membrane components were never related. 

Because information on the composition of FA in the sn-2
position of molluscan plasmalogens is very scarce, or nonex-
istent in the case of PS plasmalogen (PSplsm), an HPLC pro-
cedure was developed to separate the plasmalogen forms of PE,
PS, and PC. In the present study, the proportions and the fatty
acyl chain compositions of both 1-alkenyl-2-acyl and 1,2-di-
acyl analogs were investigated in whole-animal extracts of C.
gigas, M. edulis, and R. philippinarum. For the latter, the in-
vestigation was also conducted on different organs. We demon-
strate that a specific association of particular FA with plasmalo-
gen exists in these three bivalve species.

MATERIALS AND METHODS

Chemicals. Boron trifluoride (BF3, 10% by wt in methanol)
was obtained from Supelco (St. Quentin Fallavier, France).
Other reagents and solvents were purchased from Merck
(Darmstadt, Germany).

Sample preparation and lipid extraction. Adult C. gigas, M.
edulis, and R. philippinarum were collected from the Bay of
Brest during spring and summer 2001. After removing the di-
gestive tract, whole animals of each species were pooled and
homogenized with a Dangoumeau homogenizer at –180°C.
Samples were analyzed in triplicates of three pooled individu-
als for the three species. Also, the mantle, foot, siphon, gills,
and adductor muscle of R. philippinarum were excised, pooled,
weighed, and homogenized as above (triplicate of three pooled
individuals). Lipid extraction was conducted on tissue ho-
mogenates according to the method described by Folch et al.
(23). To ensure the complete extraction of tissue lipids, a sol-
vent-to-tissue ratio of 70:1 was used as described by Nelson
(24). After removing the organic phase, the residue was washed
with a mixture of CHCl3/MeOH (2:1, vol/vol) to exclude any
solvent retention. The final extract was stored at –20°C under
nitrogen after 0.01 wt% BHT (antioxidant) was added. 

Separation of polar lipids on a silica gel microcolumn. An
aliquot of the lipid extracts was evaporated to dryness, and lipids
were recovered with three washings of 500 µL of CHCl3/MeOH
(98:2, vol/vol) and deposited at the top of a silica gel microcol-
umn (30 × 5 mm i.d., packed with Kieselgel 60; 70–230 mesh,
Merck) previously heated at 450°C and deactivated with 6 wt%
H2O (25). Neutral lipids were eluted with 10 mL of CHCl3/
MeOH (98:2, vol/vol). The polar lipid fraction was recovered
with 20 mL of MeOH and stored at –20°C. An aliquot of this
fraction was taken for the direct determination of the total GPL
FA composition by GC; the rest was used for GPL class separa-
tions by HPLC and their FA composition analysis. 

Separation of phospholipid classes and FA analysis. Sepa-
ration of the GPL classes and subclasses was achieved using a

combination of two successive HPLC separations with two dif-
ferent mobile phases.

(i) Non acid HPLC separation. A rapid gradient elution sep-
aration was achieved, based on a method previously described
by Soudant et al. (26), on a Merck HPLC system (UV detec-
tion at 206 nm) equipped with a Diol phase column (OH-bound
silica gel column, Lichrosorb Diol 5 µm, 250 × 4 mm i.d.;
Merck). The former method was modified as follows: The ini-
tial mobile phase was an isocratic 9:1 ratio of solvent A (n-
hexane/2-propanol/water, 40:52:1, by vol) and solvent B (n-
hexane/2-propanol/water, 40:52:8, by vol) run for 11 min. This
solvent ratio was then followed by a 1-min linear gradient to
100% solvent B. The column was maintained on solvent B for
18 min to complete the separation, then finally reactivated with
20 min of the initial 9:1 ratio of solvent A to B. The solvent
flow rate was 1 mL/min during the entire elution program. This
separation allowed the collection of a first fraction (within 3–19
min) containing PE (diacyl + plasmalogen form) and PC (di-
acyl + plasmalogen form), and a second fraction (within 19–25
min) containing cardiolipin (CL), PI, lysophosphatidylcholine
(LysoPC), and PS (diacyl + plasmalogen form).

(ii) Acidic HPLC separations (Fig. 1). First and second frac-
tions were treated separately. After evaporation to dryness
under nitrogen, each fraction was recovered with two washings
of 50 µL each of CHCl3/MeOH (98:2, vol/vol) before being
manually injected in the 200-µL loop of the second HPLC sys-
tem. The separation was achieved as previously described (27).
This method, based on the use of an acidic mobile phase, al-
lows the hydrolysis of the vinyl ether bond at the sn-1 position
of the glycerol backbone of the plasmalogen forms (10) and
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FIG. 1. Further acidic HPLC separations of the glycerophospholipid
classes and subclasses. The two fractions (A) and (B) were obtained by
a previous non acidic HPLC separation (not represented). Chromato-
graphic conditions and properties for non acidic and acidic HPLC sepa-
rations are indicated in the Materials and Methods section. PC and PE:
phosphatidylcholine and phosphatidylethanolamine diacyl forms; PC-
plsm and PEplsm, phosphatidylcholine and phosphatidylethanolamine
plasmalogen forms; CL: cardiolipin; PI: phosphatidylinositol; LysoPC:
naturally occuring lysophosphatidylcholine; PS: phosphatidylserine di-
acyl form; PSplsm: phosphatidylserine plasmalogen form.



creates lyso analogs that elute later than the intact diacyl forms.
This offers the possibility of analyzing separately diacyl and
plasmalogen subclasses of PE and PC from the first fraction
and diacyl and plasmalogen subclasses of PS from the second
fraction. Each PS, PE, and PC subclass, jointly with CL, PI,
and LysoPC, was collected and, after transesterification
(MeOH/BF3), analyzed by GC for FA composition. FA were ex-
pressed as molar percentages of the total FA content of each class
or subclass. For PEplsm, PSplsm, and PCplsm subclasses, the
total percentage was adjusted to 50% to take into account the
alkenyl chains of the sn-1 position hydrolyzed by the acid mo-
bile phase. The quantities of each class and subclass of GPL were
determined from their respective quantitative spectrum of FA ob-
tained by GC. To obtain the molar content of each analyzed frac-
tion, a corrective factor was applied to their respective total FA
molar contents: ×1 for the PSplsm, PEplsm, and PCplsm frac-
tions and for the natural LysoPC fraction; ×1/2 for the PE-, PC-,
PS-, and PI-diacyl fractions, and ×1/4 for the CL fraction. 

RESULTS

Contents of plasmalogen and diacyl PE, PS, and PC in C.
gigas, M. edulis, and R. philippinarum. PEplsm and PCdiacyl
were the two major subclasses and accounted for two-thirds of
the total GPL of C. gigas, R. philippinarum, and M. edulis
(Table 1). The PSplsm, PSdiacyl, PEdiacyl, and PCplsm sub-
classes, together with PI, LysoPC, and CL, constituted the other
third. The PEplsm subclass was more prominent than the PE-
diacyl subclass, accounting for most of the PE (77.8 to 85%),
whereas the PCplsm constituted only 3.1  to 10.9% of PC. The
PS class contained plasmalogen and diacyl forms in similar
proportions, with PSplsm accounting for 43.4, 44.8, and 66.4%
of total PS in C. gigas, R. philippinarum, and M. edulis, respec-
tively (Table 1). The same general features were also observed
in the different organs isolated from the R. philippinarum

(Table 1). Nevertheless, the proportions of plasmalogens in PS,
PE, and PC varied according to the organs. PEplsm, PSplsm,
and PCplsm proportions ranged, respectively, from 66.1, 28.9,
and 5 in the muscle to 85.6, 67.2, and 14.6% in gills (Table 1).
The sum of the plasmalogen subclasses (PSplsm + PEplsm +
PCplsm) was found to reach a mean value of 41.4% of the GPL
of the three species when analyzed as whole animal. Analysis
of R. philippinarum organs indicated that the sum of plasmalo-
gen subclasses ranged from a minimum of 28.4% in muscle to
a maximum of 52.1% in gills (Table 1). 

FA composition of the plasmalogen and diacyl forms of PE,
PS, and PC. In the three bivalve species analyzed as whole-
animal extract, the total saturated FA (SFA) ranged between 34
and 47.6% in the diacyl fractions of PS, PE, and PC. SFA con-
tent was found to be very low in PEplsm and PSplsm (<2.5 and
<7%, respectively; Tables 2 and 3) and slightly higher in PC-
plsm (from 12.1 to 18.1% of the total FA; Table 4). The 16:0
and 18:0 acids were generally predominant in the SFA of all
fractions. The MUFA content was lower in PEplsm and PC-
plsm than in their respective diacyl forms for the three species
(Tables 2 and 4). However, the MUFA content was lower in the
PSplsm compared to the PSdiacyl only for M. edulis (Table 3).
The 20:1n-11 FA was the main MUFA of PSplsm and of PE-
plsm, accounting, respectively, for 55 to 79.2% and 41.5 to
60.9% of the total MUFA in the three species analyzed as
whole animal (Tables 2 and 3). No such specific association
was observed for PCplsm (Table 4). The variation of 20:1n-11
content in PS, PE, and PC subclasses followed a similar pat-
tern in all organs analyzed from R. philippinarum (Fig. 2). The
characteristic 20:1n-11 enrichment of the PSplsm MUFA was
observed in all organs. The lowest percentage was measured in
muscle and the highest percentages in mantle and gills (Fig. 2).
In addition, while maintaining such a specificity, the GPL con-
tent of 20:1n-11 in organs ranged from a higher value in gills
(4%) to a lower value in muscle (1.7%) (Table 5).
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TABLE 1
Composition of Glycerophospholipidsa and Plasmalogen Content of PE, PS, and PC Classes in the Whole Body of Crassostrea gigas,
Mytilus edulis, and Ruditapes philippinarum and in Separated Organs from R. philippinarum

Glycerophospholipid composition (mol%)a

Whole body Organs

C. gigas M. edulis R. philippinarum Mantle Foot Siphon Gills Muscle

PEdiacyl 5.8 ± 0.9 8.0 ± 1.0 8.1 ± 0.2 8.0 ± 1.2 8.8 ± 0.1 6.9 ± 0.5 6.1 ± 0.4 11.3 ± 0.7
PEplsm 33.6 ± 4.7 28.1 ± 1.5 31.5 ± 2.0 30.7 ± 2.2 35.1 ± 0.8 31.6 ± 1.9 36.5 ± 2.8 22.1 ± 2.6
PSdiacyl 7.2 ± 0.6 4.8 ± 1.3 8.5 ± 2.0 9.2 ± 1.1 7.2 ± 1.7 11.7 ± 2.1 5.3 ± 2.0 9.8 ± 3.0
PSplsm 5.8 ± 2.2 9.5 ± 1.8 6.9 ± 1.7 6.3 ± 2.3 5.9 ± 1.9 7.2 ± 2.5 10.6 ± 0.5 4.0 ± 1.1
PCdiacyl 36.5 ± 2.4 40.5 ± 1.7 33.9 ± 1.8 33.1 ± 0.1 33.5 ± 3.8 30.4 ± 2.5 28.9 ± 2.9 42.0 ± 5.1
PCplsm 4.7 ± 0.7 1.3 ± 0.5 2.8 ± 0.7 2.9 ± 0.7 1.9 ± 0.7 2.5 ± 0.4 5.0 ± 2.4 2.3 ± 0.8
PI 5.5 ± 1.7 5.3 ± 1.4 5.8 ± 0.9 6.9 ± 0.7 4.9 ± 1.5 6.5 ± 0.8 4.9 ± 0.3 6.6 ± 0.4
CL 1.1 ± 0.2 1.3 ± 0.8 0.9 ± 0.2 1.0 ± 0.4 1.3 ± 0.1 1.0 ± 0.2 0.8 ± 0.2 0.6 ± 0.2
LysoPC 2.2 ± 1 2.5 ± 0.9 1.7 ± 0.1 1.9 ± 0.5 1.3 ± 0.2 2.2 ± 0.1 1.9 ± 0.7 1.3 ± 0
Total plasmalogen 44.1 38.9 41.2 39.9 42.9 41.3 52.1 28.4
Plasmalogen content of the classb

PE 85.0 ± 3.8 77.8 ± 1.3 79.6 ± 0.6 79.4 ± 1.2 80.0 ± 0.3 82.1 ± 2.0 85.6 ± 1.7 66.1 ± 4.1
PS 43.3 ± 11.9 66.4 ± 10.4 44.8 ± 0.3 39.9 ± 6.2 44.8 ± 2.2 37.6 ± 4.2 67.2 ± 7.6 28.9 ± 0.8
PC 10.9 ± 2.1 3.1 ± 1.3 7.5 ± 1.3 7.9 ± 1.9 5.2 ± 1.5 7.5 ± 0.3 14.6 ± 7.4 5.0 ± 1.2

aExpressed as mol% of total moles of glycerophospholipids, calculated as indicated in the Materials and Methods section. Results are mean ± SD (n = 3).
bRatio (in %) of the plasmalogen form to the diacyl + plasmalogen forms of a class.



Long-chain PUFA with 20 and 22 carbons were found to be
the dominant PUFA in the plasmalogen and diacyl fractions.
They were principally constituted by NMI FA as well as 22:6n-3,
20:5n-3, and 20:4n-6. The different NMI FA were the 20:2 NMI
(5,13-20:2 and 5,11-20:2) and the 22:2 NMI (7,15-22:2 and 7,13-
22:2). Low levels of 22:3 NMI (7,13,16-22:3) were also detected
in the FA of the three bivalves. Considering the sum of these
NMI FA (ΣNMI), C. gigas, M. edulis, and R. philippinarum
showed a high percentage of ΣNMI in PSplsm (12.7, 20.2, and
20.3% of the total FA, respectively) and in PEplsm (12.1, 15.7,
and 15.8% of the total FA, respectively). ΣNMI in PSplsm and
PEplsm were generally higher than those measured, respectively,
in PSdiacyl and PEdiacyl, except in the PS of C. gigas, where it
reached 13.9% of total FA in PSdiacyl (Tables 2 and 3). The pre-
dominant NMI FA was the 7,15-22:2 isomer, which was the
major PUFA of PSplsm in the three species. Mytilus edulis plas-
malogens also contained a high proportion of 20:2 NMI, these

isomers being predominantly localized in PEplsm (Table 2). In
R. philippinarum organs, as in the whole body of the three bi-
valves, the three plasmalogen subclasses showed a specific asso-
ciation with ΣNMI when compared to their diacyl analogs (Fig
3). This specificity was especially important in PSplsm and PE-
plsm and to a lesser extent in PCplsm. Such specificity was main-
tained, whereas the content of ΣNMI in GPL ranged from a
higher value in gills (16.1%) to a lower value in muscle (4.3%).
As in the whole body, the predominant NMI of R. philippinarum
organs was the 7,15-22:2 isomer, along with minor amounts of
7,13-22:2; the ratio of these two FA was unchanged whatever the
organ (data not shown).

DISCUSSION

Importance of plasmalogen subclasses. Plasmalogens consti-
tuted a high proportion of GPL, in C. gigas, R. philippinarum,
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TABLE 2
FA Composition of PEdiacyl and PEplsm in the Whole Animals C. gigas, M. edulis, and R. philippinaruma

C. gigas M. edulis R. philippinarum

FA Diacylb Plsmc Diacyl Plsm Diacyl Plsm

Branchedd 2.2 ± 0.3 0.2 ± 0.1 1.2 ± 0.1 0.1 ± 0.0 7.4 ± 0.8 1.0 ± 0.2
14:0 0.8 ± 0.4 0.1 ± 0.1 0.8 ± 0.1 0.1 ± 0.1 0.6 ± 0.0 0.0 ± 0.0
15:0 0.6 ± 0.2 0.1 ± 0.0 0.4 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.0 ± 0.0
16:0 13.6 ± 0.2 1.2 ± 0.2 12.5 ± 0.5 0.6 ± 0.2 8.0 ± 0.0 0.7 ± 0.1
17:0 3.2 ± 0.7 0.2 ± 0.0 2.8 ± 0.2 0.1 ± 0.0 2.5 ± 0.1 0.2 ± 0.0
18:0 19.4 ± 3.5 0.8 ± 0.1 17.6 ± 1.0 0.6 ± 0.1 15.0 ± 2.4 0.4 ± 0.0

16:1n-7 0.7 ± 0.1 0.1 ± 0.1 1.2 ± 0.8 0.5 ± 0.2 3.0 ± 0.1 0.8 ± 0.1
18:1n-9 2.2 ± 1.7 0.3 ± 0.2 1.2 ± 0.2 0.2 ± 0.0 4.8 ± 0.7 1.8 ± 0.4
18:1n-7 3.3 ± 1.2 0.3 ± 0.2 3.4 ± 0.6 0.2 ± 0.0 1.8 ± 0.1 0.2 ± 0.0
20:1n-11 1.5 ± 0.0 2.8 ± 0.1 0.8 ± 0.1 1.7 ± 0.0 3.6 ± 0.6 3.1 ± 0.3
20:1n-9 0.8 ± 0.1 0.3 ± 0.0 4.0 ± 0.3 1.2 ± 0.0 2.6 ± 0.3 0.7 ± 0.0
20:1n-7 4.4 ± 0.1 0.6 ± 0.1 1.3 ± 0.1 0.3 ± 0.0 5.2 ± 1.0 0.4 ± 0.0

18:3n-3 0.7 ± 0.1 0.2 ± 0.0 1.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.2 0.1 ± 0.0
18:4n-3 0.6 ± 0.2 0.3 ± 0.0 1.0 ± 0.0 0.1 ± 0.0 0.3 ± 0.2 0.1 ± 0.1
20:2NMI(5,11) 0.0 ± 0.0 0.2 ± 0.1 1.4 ± 0.2 7.0 ± 0.2 0.1 ± 0.0 0.1 ± 0.0
20:2NMI(5,13) 0.4 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 2.9 ± 0.1 0.2 ± 0.0 0.1 ± 0.0
20:4n-6 5.6 ± 0.5 1.3 ± 0.1 2.6 ± 0.3 2.5 ± 0.2 5.0 ± 0.1 1.0 ± 0.0
20:5n-3 23.9 ± 0.6 9.3 ± 0.1 22.9 ± 0.6 17.2 ± 0.6 5.3 ± 0.4 2.1 ± 0.2
22:2NMI(7,13) 0.6 ± 0.0 1.9 ± 0.0 0.2 ± 0.0 0.9 ± 0.2 1.4 ± 0.1 3.7 ± 0.3
22:2NMI(7,15) 4.6 ± 0.5 9.2 ± 0.2 1.0 ± 0.0 3.5 ± 0.4 3.8 ± 0.2 10.2 ± 0.3
22:3NMI(7,13.16) 0.2 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 1.4 ± 0.1 0.5 ± 0.1 1.6 ± 0.2
22:4n-6 0.4 ± 0.1 0.9 ± 0.0 0.3 ± 0.1 0.7 ± 0.1 2.2 ± 0.1 4.3 ± 0.1
22:5n-6 0.3 ± 0.0 0.8 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 1.1 ± 0.0 1.4 ± 0.1
22:5n-3 1.1 ± 0.2 2.9 ± 0.1 0.9 ± 0.1 1.6 ± 0.0 3.0 ± 0.0 4.4 ± 0.1
22:6n-3 6.9 ± 0.6 14.4 ± 0.6 18.5 ± 0.8 5.3 ± 0.4 17.1 ± 0.8 8.9 ± 0.6
Otherse 1.4 ± 0.8 0.8 ± 0.2 1.5 ± 0.6 0.5 ± 0.4 4.2 ± 0.7 2.4 ± 0.3

Total NMI 5.7 ± 0.5 12.1 ± 0.3 3.3 ± 0.1 15.7 ± 0.4 6.0 ± 0.0 15.8 ± 0.3

Total SFA 40.3 ± 3.3 2.5 ± 0.6 35.3 ± 0.9 1.4 ± 0.0 34.0 ± 1.7 2.3 ± 0.3
Total MUFA 13.0 ± 3.2 4.6 ± 0.5 12.0 ± 1.3 4.1 ± 0.3 22.4 ± 2.9 7.3 ± 0.8
Total PUFA 46.7 ± 0.1 42.9 ± 1.0 52.7 ± 0.5 44.5 ± 0.4 43.6 ± 1.2 40.3 ± 1.1
aResults expressed as mol% are mean ± SD (n = 3). For abbreviations see Table 1.
b”Diacyl” refers to both sn-1 and sn-2 fatty acyl chains of the diacyl form.
c”Plsm” refers to sn-2 fatty acyl chains of the plasmalogen form; the total percentage was adjusted to 50% to take into ac-
count the alkenyl chains of the sn-1 position hydrolyzed by the acid mobile phase as described in Materials and Methods
section.
dBranched-chain FA (mainly 15:0 and 17:0 iso and anteiso). 
eTotal of 11 FA detectable (16:1n-5, 18:1n-5, 18:2n-6, 18:2n-4, 18:3n-6, 18:3n-4, 20:2n-6, 20:3n-6, 20:4n-3, 21:4n-6, and
21:5n-3, none of which was more than 1.0% in any subclasses). 



and M. edulis. Plasmalogens were found in especially high pro-
portions in PE (>78%) and in fairly low proportions in PC
(<11%). Although PSplsm was a minor GPL component (about
7% of the total GPL), it represented an important part of PS,
ranging from 45% in C. gigas and R. philippinarum to 67% in
M. edulis. These results were in good agreement with those first
reported on 14 bivalve species by Dembitsky and Vaskovsky
(8) and those reported on C. gigas (59.8% of PEplsm in PE and
7.2% of PCplsm in PC) by Koizumi et al. (14). 

FA composition of plasmalogen subclasses. A new combina-
tion of two HPLC separations allowed the analysis of the FA pro-
file of the different GPL classes and subclasses in three bivalve
species. To date, very little information is available on the FA
composition of plasmalogen subclasses from marine bivalves.
Only two studies described the FA composition of PEplsm and
PCplsm of C. gigas (14,15), but the FA composition of the
PSplsm has never been studied. To the best of our knowledge,
the present study represents the first comprehensive report on the
FA composition of the PS plasmalogen subclass in marine bi-
valves and, in fact, in marine mollusks as well. The FA pattern
of PSplsm clearly showed a high specificity for NMI FA and
20:1n-11, and this characteristic was very consistent in the three

bivalve species analyzed. The 7,15-22:2 isomer, a NMI FA, was
the main PUFA encountered in the PSplsm subclass. Although
present in a smaller proportion than the 7,15-22:2, the 7,13-22:2
isomer also showed also a specific association with the PSplsm
compared to the PSdiacyl form. The other noticeable point was
the very high percentage of 20:1n-11, accounting for more than
half of the MUFA in PSplsm. Compared to the FA composition
of PSplsm, the composition of PEplsm presents a lower but sig-
nificant specificity for NMI FA and 20:1n-11, whereas in PC-
plsm these FA are present only as traces. Koizumi et al. (14) also
indicated that, in C. gigas, most of the 22:2 NMI occurred in PE-
plsm. Although their results clearly showed the specific presence
of 20:1n-11 in the PEplsm, this characteristic had not been dis-
cussed. In the erythrocyte membrane of the marine bivalve S.
broughtoni (28), taking into account the corrections published
later (29), the high concentrations of 22:2 NMI found in PE and
PS were both demonstrated to be constituted mainly by the plas-
malogen form. In mollusk and mammalian erythrocytes, the
aminoglycerophospholipids (PE and PS) are primarily localized
in the inner layer of the membrane (28,30). Since additional evi-
dence is available for such asymmetry of phospholipids in other
biomembranes (30), one may conclude that NMI and 20:1n-11
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TABLE 3
FA Composition of PSdiacyl and PSplsm in the Whole Animals C. gigas, M. edulis, and R. philippinaruma

C. gigas M. edulis R. philippinarum

FA Diacylb Plsmc Diacyl Plsm Diacyl Plsm

Branchedd 1.1 ± 0.3 0.2 ± 0.1 1.2 ± 0.0 0.3 ± 0.0 2.3 ± 0.2 0.5 ± 0.1
14:0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.1 ± 0.0 0.0 ± 0.1
15:0 0.2 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
16:0 5.2 ± 0.4 2.8 ± 0.8 8.7 ± 2.9 2.7 ± 0.6 5.2 ± 0.9 1.5 ± 0.2
17:0 2.6 ± 0.5 0.6 ± 0.2 4.1 ± 0.3 0.2 ± 0.0 3.6 ± 0.2 0.3 ± 0.0
18:0 32.0 ± 5.0 3.1 ± 0.3 26.4 ± 0.8 1.8 ± 1.1 36.1 ± 0.6 2.3 ± 0.3

16:1n-7 0.1 ± 0.1 0.1 ± 0.1 0.9 ± 0.0 0.4 ± 0.0 0.8 ± 0.0 0.2 ± 0.0
18:1n-9 0.8 ± 0.7 0.3 ± 0.2 0.7 ± 0.0 0.1 ± 0.0 1.8 ± 0.4 0.5 ± 0.1
18:1n-7 1.3 ± 0.8 0.5 ± 0.5 1.9 ± 0.0 0.2 ± 0.0 0.7 ± 0.1 0.1 ± 0.0
20:1n-11 4.6 ± 0.4 12.5 ± 1.9 0.7 ± 0.1 2.5 ± 0.1 2.2 ± 0.1 8.4 ± 0.2
20:1n-9 0.8 ± 0.1 1.5 ± 1.4 5.8 ± 1.6 1.0 ± 0.1 0.7 ± 0.1 0.6 ± 0.1
20:1n-7 7.2 ± 1.8 1.3 ± 0.6 1.0 ± 0.5 0.2 ± 0.0 1.0 ± 0.1 0.3 ± 0.0

18:3n-3 0.3 ± 0.0 0.0 ± 0.1 1.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.2 0.0 ± 0.0
18:4n-3 0.1 ± 0.2 0.1 ± 0.1 0.5 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
20:2NMI(5.11) 0.1 ± 0.1 0.1 ± 0.0 1.0 ± 0.0 2.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.0
20:2NMI(5.13) 0.3 ± 0.2 0.2 ± 0.1 0.5 ± 0.0 0.9 ± 0.1 0.1 ± 0.0 0.1 ± 0.0
20:4n-6 5.7 ± 0.3 1.2 ± 0.3 2.3 ± 0.6 1.2 ± 0.0 5.5 ± 0.4 0.9 ± 0.1
20:5n-3 20.1 ± 1.4 4.7 ± 0.2 8.1 ± 0.6 6.2 ± 0.6 5.7 ± 0.0 1.0 ± 0.1
22:2NMI(7,13) 1.8 ± 0.1 2.2 ± 0.0 0.4 ± 0.0 1.2 ± 0.1 1.5 ± 0.0 6.1 ± 0.2
22:2NMI(7,15) 11.6 ± 1.2 10.1 ± 2.6 6.0 ± 0.0 14.9 ± 4.0 4.6 ± 0.3 13.6 ± 0.8
22:3NMI(7,13,16) 0.1 ± 0.0 0.2 ± 0.1 0.5 ± 0.0 1.1 ± 0.1 0.2 ± 0.1 0.5 ± 0.2
22:4n-6 0.2 ± 0.1 0.5 ± 0.1 0.4 ± 0.0 0.7 ± 0.1 2.0 ± 0.0 1.9 ± 0.0
22:5n-6 0.2 ± 0.0 0.5 ± 0.2 0.6 ± 0.0 0.7 ± 0.1 1.2 ± 0.0 1.5 ± 0.0
22:5n-3 0.4 ± 0.2 1.1 ± 0.1 1.5 ± 0.2 1.7 ± 0.2 3.5 ± 0.1 1.6 ± 0.1
22:6n-3 2.4 ± 0.7 5.7 ± 1.1 23.9 ± 0.1 8.6 ± 2.1 18.3 ± 0.6 6.4 ± 0.2
Otherse 0.3 ± 0.3 0.2 ± 0.1 1.5 ± 0.1 0.4 ± 0.0 2.0 ± 0.5 1.1 ± 0.2

Total NMI 13.9 ± 1.1 12.7 ± 2.7 8.4 ± 0.1 20.2 ± 4.2 6.5 ± 0.3 20.3 ± 0.8

Total SFA 41.8 ± 5.3 7.0 ± 0.4 40.8 ± 3.9 5.5 ± 1.6 47.6 ± 0.2 4.7 ± 0.6
Total MUFA 14.8 ± 3.2 16.4 ± 1.9 11.0 ± 2.3 4.5 ± 0.1 7.5 ± 0.9 10.6 ± 0.0
Total PUFA 43.4 ± 2.1 26.6 ± 1.5 48.1 ± 1.6 40.0 ± 1.5 44.9 ± 0.7 34.6 ± 0.6
a–fFor footnotes see Table 2.



FA also are asymmetrically distributed in the lipid bilayer and
involved in specific cellular functions of the inner membrane. 

The most striking results were that plasmalogen and diacyl
subclasses of PS and PE can be distinguished according to the
origin of their unsaturated FA. The 22:6n-3, 20:5n-3, and
20:4n-6, which were the predominant FA of the PSdiacyl and
PEdiacyl, originate mainly from the phytoplanktonic diet of bi-
valves. Indeed, bivalves have a limited or total inability to syn-
thesize 20–22-carbon PUFA with more than three double bonds
(31,32). On the other hand, the NMI FA, which were the pre-
dominant PUFA of the PSplsm, are synthesized de novo by bi-
valves, as first proposed by Ackman and Hooper (16) and
demonstrated by Zhukova (19,20). The pathway consists of a
∆9 desaturation and elongation of 16:0 and 18:0, respectively,
into 20:1n-7 and 20:1n-9. A C20∆5 desaturation converts them,
respectively, into 5,13-20:2 and 5,11-20:2, which are finally
elongated, respectively, into 7,15-22:2 and 7,13-22:2. Simi-
larly, 20:1n-11, found only as traces in microalgae (33), could
also be of endogenous origin, although there is no demonstra-
tion of that in the literature. Only a few studies have indicated
the presence of a high concentration of 20:1n-11 in bivalves
(34,35). It might be possible that a ∆9 desaturase acting on 20:0

produces 20:1n-11 in the same way as ∆9 desaturase(s) acting
on 16:0 and 18:0 produce the two precursors 20:1n-7 and
20:1n-9. Unlike these NMI precursors, 20:1n-11 did not appear
to be subjected to further ∆5 desaturation, suggesting the C20∆5
desaturase may be “∆13 and ∆11 specific.”
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TABLE 4
FA Composition of PCdiacyl and PCplsm in the Whole Animals C. gigas, M. edulis, and R. philippinaruma

C. gigas M. edulis R. philippinarum

FA Diacylb Plsmc Diacyl Plsm Diacyl Plsm

Branchedd 1.6 ± 0.1 1.2 ± 0.0 1.5 ± 0.4 0.9 ± 0.5 4.1 ± 0.1 2.3 ± 0.1
14:0 2.7 ± 0.4 0.7 ± 0.1 2.4 ± 0.2 1.5 ± 1.2 1.1 ± 0.2 0.2 ± 0.0
15:0 1.9 ± 0.2 0.7 ± 0.1 1.1 ± 0.1 0.2 ± 0.2 1.0 ± 0.0 0.2 ± 0.0
16:0 24.0 ± 2.3 7.4 ± 0.7 25.0 ± 1.0 9.8 ± 4.7 22.1 ± 0.8 5.1 ± 0.7
17:0 1.6 ± 0.2 0.8 ± 0.0 1.1 ± 0.0 1.1 ± 0.6 1.8 ± 0.1 0.6 ± 0.0
18:0 3.8 ± 0.0 2.7 ± 0.0 3.1 ± 0.1 4.6 ± 1.7 4.4 ± 0.0 3.5 ± 0.3

16:1n-7 2.2 ± 0.1 0.7 ± 0.0 3.1 ± 0.8 0.7 ± 1.0 3.3 ± 0.4 0.8 ± 0.0
18:1n-9 3.7 ± 0.1 1.8 ± 0.0 1.7 ± 0.1 0.9 ± 0.3 5.0 ± 0.3 2.0 ± 0.0
18:1n-7 8.1 ± 0.5 2.2 ± 0.3 3.4 ± 0.4 0.5 ± 0.8 1.9 ± 0.1 0.4 ± 0.0
20:1n-11 0.8 ± 0.1 0.9 ± 0.1 0.3 ± 0.0 0.6 ± 0.2 0.6 ± 0.1 1.3 ± 0.2
20:1n-9 0.6 ± 0.0 0.2 ± 0.0 2.7 ± 0.4 1.0 ± 0.0 0.6 ± 0.1 0.4 ± 0.1
20:1n-7 3.1 ± 0.5 1.1 ± 0.1 0.9 ± 0.2 0.5 ± 0.1 0.9 ± 0.2 1.0 ± 0.1

18:3n-3 1.5 ± 0.1 0.8 ± 0.1 1.6 ± 0.1 0.3 ± 0.4 0.2 ± 0.0 0.0 ± 0.0
18:4n-3 2.0 ± 0.2 1.0 ± 0.2 2.5 ± 0.2 0.5 ± 0.6 0.9 ± 0.1 0.4 ± 0.2
20:2NMI(5.11) 0.1 ± 0.0 0.0 ± 0.0 0.4 ± 0.0 1.1 ± 0.6 0.0 ± 0.0 0.0 ± 0.0
20:2NMI(5.13) 0.6 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.6 ± 0.2 0.1 ± 0.0 0.1 ± 0.1
20:4n-6 4.7 ± 0.2 2.4 ± 0.0 2.2 ± 0.4 1.8 ± 0.2 3.9 ± 0.1 1.5 ± 0.0
20:5n-3 17.9 ± 1.2 10.1 ± 0.5 19.3 ± 0.1 11.3 ± 1.7 8.5 ± 0.4 2.5 ± 0.2
22:2NMI(7,13) 0.2 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 1.0 ± 0.0
22:2NMI(7,15) 1.9 ± 0.1 2.0 ± 0.1 0.6 ± 0.0 0.8 ± 0.2 0.7 ± 0.0 2.5 ± 0.1
22:3NMI(7,13,16) 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.1 ± 0.1 0.2 ± 0.0 0.3 ± 0.0
22:4n-6 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.1 2.8 ± 0.3 2.5 ± 0.4
22:5n-6 0.4 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.2 1.5 ± 0.0 1.1 ± 0.1
22:5n-3 1.4 ± 0.0 1.2 ± 0.1 1.9 ± 0.0 1.2 ± 0.3 5.0 ± 0.2 3.3 ± 0.3
22:6n-3 10.3 ± 0.1 8.9 ± 0.6 20.3 ± 1.3 9.4 ± 1.1 24.7 ± 0.7 14.5 ± 0.1
Otherse 3.5 ± 0.6 2.2 ± 0.3 3.1 ± 0.3 0.4 ± 0.6 3.9 ± 0.5 1.7 ± 0.6

Total NMI 2.9 ± 0.1 2.4 ± 0.1 1.9 ± 0.1 2.7 ± 0.7 1.4 ± 0.1 3.8 ± 0.2

Total SFA 35.9 ± 3.3 13.6 ± 0.5 34.1 ± 0.8 18.1 ± 1.0 34.6 ± 0.5 12.1 ± 0.5
Total MUFA 19.4 ± 1.5 6.9 ± 0.1 12.9 ± 1.7 4.2 ± 1.2 13.2 ± 0.5 6.7 ± 0.7
Total PUFA 44.7 ± 1.8 29.5 ± 0.4 52.9 ± 1.0 27.7 ± 2.2 52.3 ± 1.0 31.2 ± 0.2
a–fFor footnotes see Table 2.

FIG. 2. Percent composition (in mol%, mean ± SD, n = 3) of 20:1n-11
from diacyl and plasmalogen forms of glycerophospholipid PS, PE, and
PC of Ruditapes  philippinarum organs.



FA composition of plasmalogen subclasses in R. philip-
pinarum organs. In marine bivalves, quantities of plasmalogens
and of NMI FA vary according to organs (21,22). The FA pat-
tern of GPL classes and subclasses of different organs of R.
philippinarum was thus examined to assess whether the rela-
tionship between de novo synthesized FA and plasmalogens
exists in all the organs. The specific location of NMI FA and
20:1n-11 in aminoglycerophospholipid plasmalogens was evi-
denced in all the organs analyzed. However, the proportions of
these compounds varied according to the organ. In other words,
the greater the plasmalogen content was in the organ, the higher
the proportion of the biosynthesized FA was among the total
FA of GPL. The highest proportions of plasmalogens, NMI FA,
and 20:1n-11 were found in gills, but mantle, foot, and siphon
also contained significant quantities of these compounds. The
lowest proportion was found in the muscle. A previous study
indicated large concentrations of 22:2 NMI FA in polar lipids
isolated from gills, mantle, and foot of the hardshell clam Mer-
cenaria mercenaria (22). Also, particularly high levels of 20:2
and 22:2 NMI were found in polar lipids of the gills of the mus-
sel M. edulis (20). The gills and the mantle of the sea scallop
Placopecten magellanicus (a pectinidae) exhibited consistently
higher 20:1n-11 content than the muscle (35). An earlier review
(21) concluded that gills have rather important proportions of
plasmalogens, whereas muscle contains the lowest quantities
of plasmalogens. 

Although not clearly established, a number of functions al-
ready have been proposed for NMI FA and plasmalogens in ma-

rine organisms. NMI FA were supposed to confer resistance in
tissues exposed most often to environmental physicochemical
variations (22) or to attack by microbial lipases (37). This could
explain the selectivity for NMI FA encountered in the gills, man-
tle, foot, and siphon of R. philippinarum. The high quantities of
NMI FA reported in polar lipids of marine organisms also are
regularly linked to a structural role in the membrane. They could
be important for membrane properties such as phase transition
temperature, membrane fluidity, or activity of membrane-bound
proteins. However, based on conformational analysis, Rabin-
ovich and Ripatti (38) concluded that the acyl chains with NMI
double bonds are principally involved in adjusting membrane
fluidity of these poikilothermic animals. The same role was pro-
posed for acyl chains that have one cis double bond, as in 20:1n-
11. In parallel, Chapelle (21) speculated that plasmalogens in
marine animals may be metabolized to maintain cell integrity in
response to environmental stresses such as temperature, pH, or
salinity. One other function proposed for plasmalogens is that
these ether lipids may act as antioxidative components in mam-
malian cells (2–4,39). In mollusks, in taking into account the
asymmetry of their distribution, plasmalogens may function as
scavengers of cell reactive oxygen species to protect other com-
ponents in membranes from oxidative stress.

The present results provide the first evidence that aminoplas-
malogens, PSplsm and PEplsm, reflect a higher selectivity for the
biosynthesized FA ΣNMI and 20:1n-11 than for dietary PUFA
such as 20:5n-3 and 22:6n-3. Moreover, 20:1n-11 can now be
considered to be associated with or functionally equivalent to
NMI FA in bivalves. The selective incorporation of ΣNMI and
20:1n-11 in PSplsm and PEplsm as well as the parallel variations
of NMI FA and 20:1n-11 levels and plasmalogen contents in the
different organs of R. philippinarum suggests the existence of
possible synergistic properties of these compounds that should
implicate them in the biological membrane functions of mollusks.
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ABSTRACT: The basidiomycetous mushroom Lentinula edodes
(Shiitake) exhibits a unique process of cell differentiation termed
“fruiting-body formation”. To clarify the relationship between
membrane lipids and fruiting-body formation in this fungus, we
investigated variations in levels of phospholipids, cerebrosides,
fatty acyl residues in the major phospholipids, and fatty acyl and
sphingoid base residues in cerebrosides during vegetative growth
and fruiting-body formation. PC, PE, and PS were the primary
phospholipids in the cells of L. edodes. After a shift in growth tem-
perature of L. edodes mycelia has been shifted from 25 to 18°C,
the proportion of unsaturated FA (UFA), such as linoleic acid (18:2)
and oleic acid (18:1), increased. In contrast, during fruiting-body
formation induced by the temperature downshift to 18°C, 18:2 of
PC in the primordia and fruiting bodies decreased, and the UFA of
PE and 18:1 of PC increased compared with the proportions in
mycelia growing at 18°C. These results showed that the propor-
tions of fatty acyl residues in PC and PE differed during fruiting-
body formation in L. edodes. Moreover, the amount of cerebro-
sides in primordia increased compared with those in mycelia and
fruiting bodies and, in these differentiating tissues, the proportion
of 2-hydroxypentadecanoic acid increased whereas that of 2-hy-
droxyoctadecanoic acid decreased compared with that in the
mycelia. However, the proportion of sphingoid base residues in
cerebrosides did not change during fruiting-body formation in L.
edodes.

Paper no. L9334 in Lipids 39, 67–73 (January 2004).

The membrane lipids of eukaryotic cells such as animals and
fungi generally contain phospholipids, sphingolipids, and
sterols. The composition of these membrane lipids is known to
change during cell growth and cell differentiation, and upon ex-
posure to exogenous environmental stresses. Therefore, these
lipids not only are the basic structural components of biological
membranes but also play critical roles in cell physiology.

PC and PE are the most abundant membrane phospholipids
in eukaryotes. Perturbation of PC synthesis triggers apoptosis in
these cells (1,2), and an absolute level of PE in the membrane is
required for cell growth (3). Other phospholipids, such as phos-
phatidylglycerol (PG) and PA, also play roles in cell growth and

cell differentiation (4–8). Moreover, the composition of fatty
acyl residues in phospholipids of the cell membrane can be al-
tered by various environmental stresses. In poikilothermic or-
ganisms such as fungi, low-temperature stress causes the amount
of unsaturated FA (UFA), such as palmitoleic acid, linoleic acid
(18:2), and oleic acid (18:1), to increase (9,10). This cellular re-
sponse is thought to maintain the fluidity of the membrane lipids
(11,12). In addition, several studies of filamentous fungi suggest
that 18:2 is an important compound for fungal development, es-
pecially spore formation (13–16). Psi factors, the 18:2-derived
signal molecules, have also been reported to govern the devel-
opment of cleistothecia and conidiophores (17–19). These re-
sults revealed the importance of phospholipid and fatty acyl
residue composition of membrane lipids during cell growth and
differentiation.

Sphingolipids, such as cerebrosides, are also known to play
an important role in cell differentiation of fungi. A cerebroside
was shown to strongly induce fruiting-body formation in two
basidiomycetous fungi, Schizophyllum commune and Coprinus
cinereus (20,21). Likewise, glucocerebroside, isolated from
the fruiting bodies of the edible basidiomycete Lentinula edo-
des, has high fruiting-induction activity in S. commune (22). The
sphingoid base residue in this cerebroside, 9-methyl 4-trans,8-
trans-sphingadienine, has been identified as essential for induc-
tion of fruiting activity in S. commune (20,22–24). The other
components of cerebroside, 2-hydroxy FA and glucose, had a
much weaker effect on fruiting (20,22,25,26). Furthermore, this
cerebroside also affected spore germination and hyphal growth
in the ascomycetous fungi Aspergllus nidulans and A. fumigatus
(27). Thus, sphingolipids as well as phospholipids are essential
structural and functional components of many fungal cells. The
other sphingolipids are also detected in these fungi (28,29).
However, the variation of sphingoid base and FA in these sphin-
golipids has not been reported in detail.

Fruiting-body formation of basidiomycetous fungi is the
most conspicuous and complex process in cell differentiation,
and a temperature downshift (25 to 17–18°C) has been shown
to induce fruiting in L. edodes (30). The proportion of UFA in
both polar and nonpolar lipids increases during fruiting-body
formation in L. edodes (31). However, specific effects on fatty
acyl residues in each membrane lipid during cell growth and
differentiation of L. edodes have not previously been investi-
gated. In this study, we report the phospholipid content in the
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cells, the fatty acyl residues in their phospholipids, the sphin-
golipid content in the cells, and the sphingoid base and fatty
acyl composition of sphingolipids during mycelial growth
and fruiting-body formation in L. edodes. 

MATERIALS AND METHODS

Strains and media. The FMC2 strain of Lentinula (Lentinus)
edodes (a stock strain of Forestry and Forest Products Research
Institute of Japan) is a commercial cell used in our previous stud-
ies (32). Potato-dextrose-agar medium (Nissui Co. Ltd., Tokyo,
Japan) was used for preculture of L. edodes strains on petri
dishes. A sawdust-based medium (28% w/w Fagus crenata
sawdust, 7% w/w corn bran, 65% w/w water) was used for veg-
etative growth and fruiting of L. edodes. 

Growth and fruiting-body formation. The dikaryotic myce-
lium was cultivated in the sawdust-based medium (150 g) at
25°C for 30 d under 1000–1300 lux of light intensity  on a 12-h
light/12-h dark cycle, and the growth atmosphere was held at
65% RH. After the mycelia had grown in the sawdust-based
medium, cultures of the FMC2 strain were transferred into the
18°C incubator. Many primordia appeared on the surface of the
medium, and several primordia grew into a fruiting body after
about 10 d. Continuous cultivation of the FMC2 strain mycelia
at 25°C failed to produce a fruiting body.

Extraction and TLC separation of phospholipids and cere-
brosides. Total lipids in the harvested cells of L. edodes were
extracted by chloroform/methanol (1:2, vol/vol). After these
lipids were washed once with water, the organic phase was
evaporated to dryness. The residue was dissolved in 50 µL of
chloroform/methanol (2:1, vol/vol) and then applied to a TLC
plate (silica gel 60, 20 × 20 cm; Merck, Darmstadt, Germany)
for chromatographic resolution. 2-D solvent systems were
used. The first chromatographic run was performed with chlo-
roform/methanol/7 M ammonia (65:30:4, by vol). The sec-
ond run was performed with chloroform/methanol/acetic
acid/water (170:25:25:4, by vol) at 90° to the original direc-
tion. After development, the plate was sprayed with primu-
line [0.001% wt/vol in acetone/water (4:1)] and viewed under
UV light (302 nm) for localization of separated compounds.
Each lipid spot on the TLC plate was scraped off by using a
razor and then dissolved in chloroform/methanol (2:1

vol/vol). The Rf values of phospholipids and cerebrosides are
shown in Table 1.

Analyses of phospholipids and cerebrosides. Total and indi-
vidual phospholipids were digested in perchloric acid (70%) for
3 h at 160°C. The inorganic phosphate was quantified colori-
metrically (33). The calibration curves were prepared by using
potassium dihydrogenphosphate as a standard.

The reagent for acid hydrolysis of cerebrosides was prepared
by diluting 8.6 mL of concentrated hydrochloric acid and 9.4
mL of water to 100 mL with methanol, giving 1 N hydrochloric
acid (aqueous methanolic HCl). Cerebrosides were hydrolyzed
by aqueous methanolic HCl for 18 h at 70°C and then quanti-
fied colorimetrically by the methyl orange method using N-
palmitoyl-D-sphingosine for calibration (34). 

Analyses of FA and sphingoid bases. Fatty acyl residues in
each phospholipid were methylated with 1% sulfuric acid in
methanol for 2 h at 90°C. The FAME obtained were extracted
in hexane. FA were analyzed by GLC (GC-18A; Shimadzu,
Japan) as described in our previous report (35).

The 2-hydroxy FA in cerebrosides were methylated in aque-
ous methanolic HCl for 18 h at 70°C. These FAME were ex-
tracted in hexane and analyzed by GLC on a DB-5.625 column
(J&W Scientific, Folsom, CA). The temperature was pro-
grammed from 190°C (2 min hold) to 280°C (35 min hold) at a
rate of 4°C/min for very long chain hydroxyl FAME. The injec-
tor and detector were maintained at 280°C. Identification was
accomplished by comparison of retention times with spectra
from a standard.

Sphingoid bases released by aqueous methanolic HCl for 18
h at 70°C were extracted by diethyl ether and reacted with 0.2
M sodium periodate for 2 h to obtain fatty aldehydes. The fatty
aldehydes were extracted in dichloromethane, evaporated to
dryness, redissolved in 50 µL dichloromethane, and analyzed
by GLC (36,37). GLC analysis followed the procedure de-
scribed above for phospholipids. Sphingoid base fractions were
determined by GLC using yeast sphingoid bases as the authen-
tic standard (38).

Statistical analysis. Results are expressed as means ± SD of
three experiments. Data were analyzed by one-way ANOVA.
After application of one-way ANOVA, the significance of dif-
ferences in the means among three groups was evaluated by
Scheffé’s multiple comparison. Differences in FA and sphin-
goid base content were considered significant at P < 0.05, and
differences in lipid content by colorimetric assays were consid-
ered significant at P < 0.005.

RESULTS

The analysis of phospholipids in L. edodes cells. To analyze
the alteration of membrane lipids during vegetative growth
and fruiting-body formation in L. edodes, mycelial cells of
the FMC2 strain were cultivated on the sawdust-based
medium at 25°C for 30 d, and then several of these cultures
were transferred from 25 to 18°C to induce formation of fruit-
ing bodies. Lipids were extracted from mycelia cultivated for
30, 40, and 60 d at 25°C, and from mycelia transferred to
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TABLE 1 
Rf Values of Lipids

Lipids First directiona Second directionb

PC 0.26 (0.21–0.31) 0.22 (0.14–0.31)
PE 0.36 (0.31–0.42) 0.54 (0.48–0.61)
PG 0.53 (0.50–0.56) 0.67 (0.65–0.68)
PI 0.11 (0.06–0.17) 0.08 (0.05–0.11)
PS 0.09 (0.03–0.14) 0.15 (0.12–0.19)
PA 0.07 (0.03–0.12) 0.67 (0.62–0.72)
SM 0.06 (0.04–0.08) 0.03 (0.01–0.04)
Cerebrosides 0.53 (0.50–0.56) 0.48 (0.45–0.51)
aChloroform/methanol/7 M ammonia (65:30:4, by vol). 
bChloroform/methanol/acetic acid/water (170:25:25:4, by vol). PG, phos-
phatidylglycerol; SM, sphinomyelin.



18°C after the 25°C incubation. The lipids of mycelia cultivated
at 25°C for 30, 40, and 60 d accounted for 3.2, 2.4, and 2.3%
(w/w) of the cell weight, respectively (Table 2). The 30-,  40-,
and 60-d mycelial cultures yielded 13.2, 10.5, and 9.1 µmol
of phospholipids (per 1 g), respectively, whereas mycelia
transferred to 18°C on the 30th day contained 3.0% lipids and
10.7 µmol phospholipids. These results showed that the lipid
and phospholipid contents in L. edodes mycelia were rela-
tively constant during the vegetative growth phase and upon
temperature downshift. 

In contrast, during fruiting-body formation, the lipid and
phospholipid content of L. edodes primordia increased drasti-
cally (5.8% and 30.3 µmol), although these decreased in the
fruiting bodies themselves (3.8% and 21.8 µmol). The ratio of
phospholipids to lipids in the fruiting bodies was higher than
that of the primordia (Table 2). These data indicated that non-
phospholipids, mainly storage lipids such as TAG, in the cells
decreased more than the phospholipid levels during the transi-
tion from the primordia to the fruiting bodies of L. edodes.

In many fungi, membrane phospholipids consist primarily
of PC, PE, PI, and PS. To clarify the composition of phospho-
lipids in L. edodes, we analyzed the amount of each phospho-
lipid in the FMC2 strain during growth and differentiation.
These data are shown in Figure 1. The major phospholipids
in L. edodes were PC (40.5–49.7%), PE (20.4–28.8%), and
PS (10.7–13.7%). Likewise, PA and PI were identified in this
fungus, as were trace amounts of PG and sphingomyelin
(<1%, not shown). We found few changes in the composition
of phospholipids during vegetative growth phase and fruit-
ing-body formation in L. edodes.

Variation of fatty acyl residues in the major phospholipids
of L. edodes. Previously, the UFA content of both polar and
nonpolar lipids was shown to increase during fruiting-body
formation in L. edodes (31). In the present study, we con-
firmed that the proportion of UFA in total lipids of this fun-
gus increased during fruiting (data not shown). To detect the
alteration of fatty acyl residues in the major phospholipids of
L. edodes, we analyzed the amount of these residues during
vegetative growth and fruiting-body formation. The FAME
were prepared from phospholipids isolated from mycelia on

the 30th, 40th, and 60th day of cultivation and analyzed by
GLC (Table 3). These results showed that FA components of
the major L. edodes phospholipids primarily induced palmitic
acid (16:0) and 18:2, and the amounts of these fatty acyl
residues in the three phospholipids did not change during the

MEMBRANE LIPID PROFILE OF LENTINULA EDODES 69

Lipids, Vol. 39, no. 1 (2004)

TABLE 2 
Total Lipids and Total Phospholipids Extracted from the FMC2 Cells During Vegetative Growth at 25°C and
Fruiting-Body Formation at 18°C

Lipids/cell dry wt Phospholipids/cell dry wt Phospholipids/lipid
FMC2 cells (mg/g)a (µmol/g)a (mmol/g)

Vegetative growth
Mycelia (30 d) 31.8 ± 6.1 13.2 ± 1.2 0.42
Mycelia (40 d) 24.3 ± 1.0 10.5 ± 1.3 0.43
Mycelia (60 d) 22.5 ± 1.4 9.1 ± 0.2 0.40

Fruiting-body formation (40 d)
Mycelia 29.6 ± 1.7 10.7 ± 1.1 0.36
Primordia 58.1 ± 6.8*M 30.3 ± 1.9*M 0.52
Fruiting bodies 38.0 ± 2.4*P 21.8 ± 2.0*M,P 0.57

aThese values are the means ± SD of three experiments. Significant differences for paired comparisons are: *P < 0.005
(one-way ANOVA and Sheffé’s multiple comparison). M, vs. mycelia; P, vs. primordia.

FIG. 1. Phospholipid composition of FMC2 cells during vegetative
growth (A) and fruiting-body formation (B). The contribution of PC, PE,
PI, PS, and PA is presented as a mean ± SD in mol% of total phospho-
lipids (n = 3). 
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the vegetative growth phase of L. edodes. On the other hand,
in minor FA components, the amounts of pentadecanoic acid
(15:0) in the major phospholipids and oleic acid (18:1) in PE
increased during vegetative growth, whereas the stearic acid
(18:0) levels in PC decreased.

We also investigated the alteration of fatty acyl residues in
three phospholipids of the mycelia in response to a temperature
downshift. The FMC2 mycelial culture was transferred from
25 to 18°C on day 30 and then cultivated for 10 more days at
18°C. We observed an increase in the proportion of UFA
(18:1 and 18:2) in the PC and PE of these mycelia as com-
pared with those from the mycelia cultivated at 25°C for 40 d
(two-tailed t-test, P < 0.005, Tables 3 and 4). These results
revealed that the shift to a lower temperature (18°C) increased
the proportion of UFA in the most abundant and second-most
abundant phospholipids (PC and PE), which represent ap-
proximately 70% of the total phospholipids (Fig. 1).

Likewise, we analyzed the fatty acyl residues in PC, PE,
and PS at three stages of fruiting-body formation in L. edodes

(mycelium, primordium, and fruiting body). The three phos-
pholipids were extracted on day 40 from primordia and fruit-
ing bodies of the FMC2 strain cultured at 18°C (Table 4). The
proportion of UFA in PE from the primordia and fruiting bod-
ies increased by 8.3 and 6.9%, respectively, over levels in the
mycelia. In contrast, the 18:2 levels in PC from the primordia
and fruiting bodies were 4.9 and 4.6% lower than that in the
mycelia, respectively, although the 18:1 levels in PC of these
cells increased. As a result, the UFA levels in PC of the pri-
mordia and fruiting bodies were equal to or lower than those
in the mycelia at 18°C. Moreover, the percentage of 18:2 in
PC from primordia and fruiting bodies (89.4 and 89.7%) was
lower than that from mycelia grown at 25°C for 40 d (92.6%)
as well as the mycelia moved to the 18°C incubator (94.3%)
(Table 3).

Analysis of cerebrosides in L. edodes cells. To clarify the
alteration of cerebrosides in L. edodes, we tried to measure
the amount of cerebrosides in the FMC2 strain during growth
and differentiation. These data are shown in Figure 2. The
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TABLE 3 
FA Composition of the Major Phospholipids from the Mycelia Cultivated at 25°C

Cultivating
FA content (mol% ± SD)a 

Phospholipid time (d) 14:0 15:0 16:0 18:0 18:1 18:2 UFAb

PC 30 0.1 ± 0.0 0.5 ± 0.1 4.5 ± 0.6 1.9 ± 0.2 0.9 ± 0.1 92.1 ± 0.7 93.0 ± 0.8
40 Tracec 0.6 ± 0.0 4.0 ± 0.2 1.6 ± 0.2 1.3 ± 0.3 92.6 ± 0.3 93.8 ± 0.3
60 Trace 1.0 ± 0.1***M,N 4.8 ± 0.2 1.2 ± 0.2*M 1.0 ± 0.1 92.0 ± 0.5 93.1 ± 0.5

PE 30 0.3 ± 0.0 1.9 ± 0.0 21.4 ± 1.3 1.0 ± 0.0 2.5 ± 0.2 72.9 ± 1.1 75.4 ± 1.4
40 0.3 ± 0.0 3.1 ± 0.2***M 21.1 ± 0.8 1.3 ± 0.3 3.6 ± 0.8 70.7 ± 1.3 74.3 ± 1.0
60 0.2 ± 0.0*M 3.4 ± 0.2***M 20.3 ± 0.9 1.2 ± 0.2 4.6 ± 0.4**M 70.4 ± 1.0 74.9 ± 1.3

PS 30 0.3 ± 0.0 3.0 ± 0.0 46.5 ± 1.5 0.8 ± 0.1 0.8 ± 0.1 48.8 ± 1.4 49.5 ± 1.5
40 0.3 ± 0.1 4.2 ± 0.2***M 45.2 ± 1.1 1.0 ± 0.1 1.0 ± 0.4 48.4 ± 1.1 49.4 ± 1.0
60 0.2 ± 0.1 4.8 ± 0.1***M,*N 44.1 ± 3.7 0.8 ± 0.2 0.9 ± 0.2 49.4 ± 3.5 50.2 ± 3.7 

aResults were determined from the methyl ester peak. These values are the means of three experiments. Significant differences for paired comparisons are: 
*P < 0.05; **P < 0.01; ***P < 0.005 (one-way ANOVA and Sheffé’s multiple comparison). M, vs. mycelia (30 d); N, vs. mycelia (40 d).
bUFA, unsaturated FA.
cTrace (less than 0.1%).

TABLE 4 
FA Composition of the Major Phospholipids from L. edodes Cells During Fruiting-Body Formation at 18°C

Stage of
fruiting-

body
FA content (mol% ± SD)b

Phospholipid formationa 14:0 15:0 16:0 18:0 18:1 18:2 UFA

PC M Trace 0.7 ± 0.1 3.0 ± 0.2 0.7 ± 0.1 1.4 ± 0.4 94.3 ± 0.6 95.6 ± 0.3
P Trace 0.2 ± 0.0 2.8 ± 0.1 1.5 ± 0.2*M 6.1 ± 0.3***M 89.4 ± 0.4***M 95.6 ± 0.2
F 0.1 ± 0.0 0.6 ± 0.5 3.8 ± 0.4*M,***P 1.9 ± 0.4***M 3.9 ± 1.5*M 89.7 ± 1.1***M 93.5 ± 0.5***M,

***P

PE M 0.2 ± 0.0 3.1 ± 0.2 16.0 ± 1.1 1.0 ± 0.1 4.4 ± 0.2 75.4 ± 1.3 79.8 ± 1.2
P 0.1 ± 0.0***M 0.6 ± 0.0**M 10.5 ± 0.6***M 0.7 ± 0.1*M 7.2 ± 0.3***M 80.9 ± 0.9***M 88.1 ± 0.7***M

F 0.2 ± 0.0*M 1.2 ± 1.0*M 11.3 ± 1.4**M 0.6 ± 0.1**M 6.5 ± 0.6***M 80.3 ± 1.0***M 86.7 ± 0.4***M

PS M 0.2 ± 0.0 5.3 ± 0.1 43.9 ± 0.6 0.6 ± 0.0 1.1 ± 0.2 49.1 ± 0.4 50.1 ± 0.6
P 0.2 ± 0.1 1.7 ± 0.1 43.9 ± 2.6 1.8 ± 0.2***M 2.9 ± 0.1***M 49.6 ± 2.5 52.5 ± 2.5
F 0.3 ± 0.0 4.3 ± 3.0 44.2 ± 2.8 0.8 ± 0.2 2.2 ± 0.2***M, 48.2 ± 1.9 50.4 ± 1.9***P

aM, mycelia; P, primordia; F, fruiting bodies.
bResults were determined from the methyl ester peak. These values are the means of three experiments. Significant differences for paired comparisons are:
*P < 0.05; **P < 0.01; ***P < 0.005 (one-way ANOVA and Sheffé’s multiple comparison). M, vs. mycelia; P, vs. primordia. For other abbreviations, see Table 3.



mycelia cultivated at 25°C for 30, 40, and 60 d yielded 0.39,
0.45, and 0.38 µmol of the cerebrosides (per 1 g), respec-
tively, and the mycelia transferred to 18°C on the 30th day
contained 0.41 µmol of cerebrosides. In contrast, during fruit-
ing-body formation of L. edodes, the amount of cerebrosides
in the primordia increased drastically (0.91 µmol), and then
this amount in the fruiting bodies decreased (0.46 µmol).

Alteration of fatty acyl and sphingoid base residues in
cerebrosides of L. edodes. To clarify the profile of fatty acyl
and sphingoid base residues in the cerebrosides during fruit-
ing-body formation in L. edodes, we analyzed the cerebro-
sides extracted from mycelia, primordia, and fruiting bodies
that had been transferred into the 18°C incubator on day 30
and then cultured for 10 more days. These analyses showed
that a 2-hydroxy hexadecanoic acid dominated the fatty acyl
residue of the cerebrosides, whereas the sphingoid base
included mainly  4-trans,8-trans-sphingadienine (d18:24t,8t),
9-methyl 4-trans,8-trans-sphingadienine (9-Me d18:24t,8t),
and 4-hydroxy-sphinganine (Table 5). During fruiting-body

formation in this fungus, the proportion of the 2-hydroxy pen-
tadecanoic acyl residue increased, whereas the proportion of
the 2-hydroxy octadecanoic acyl residue decreased. The pro-
portions of these sphingoid base residues remained constant
during differentiation as well as after the shift to 18°C (data
not shown).

DISCUSSION

We investigated the phospholipid and cerebrosides in L. edodes
and analyzed the fatty acyl residue profiles of the three major
phospholipids and the fatty acyl and sphingoid base residues in
the intracellular cerebrosides. PC, PE, and PS were the major
phospholipids of the L. edodes cells, and no alteration of phos-
pholipid composition was observed during the vegetative
growth phase or fruiting-body formation. Few changes were
evident in the levels of phospholipids and total lipids in L. edo-
des during the vegetative growth phase. However, the propor-
tion of phospholipids and total lipids increased during the pri-
mordial stage, but decreased during the fruiting-body stage. The
ratio of phospholipids to total lipids was highest during the
fruiting-body stage despite the decrease in total lipids. These
results suggest that L. edodes cells accumulate their highest
lipid levels at the primordial stage, which then degrade mainly
to nonpolar storage lipids such as TAG and ergosterol at the
fruiting-body stage. For basidomycetes like L. edodes, the fruit-
ing-body stage is also a period of basidiospore formation, which
occurs when nutrients are exhausted. Thus, a reduction in more
available carbon sources such as glucose leads to the degrada-
tion of nonpolar lipids during the fruiting-body stage. 

Analysis of the fatty acyl residue composition of the phos-
pholipids showed that 18:2 was the major fatty acyl residue
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FIG. 2. The cerebroside content of FMC2 cells during vegetative growth
(A) and fruiting-body formation (B). The values are the means ± SD of
three experiments. Significant differences for paired comparisons are:
*P < 0.005 (one-way ANOVA and Sheffé’s multiple comparison).
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TABLE 5 
Composition of FA and Sphingoid Bases in Cerebrosides from the
Mycelia, Primordia, and Fruiting Bodies

Percentage ± SDa

Component Mycelia Primordia Fruiting bodies 

FAb

14h:0 4.4 ± 0.3 3.3 ± 0.1***M 4.5 ± 0.2***P

15h:0 9.8 ± 0.2 13.3 ± 0.5***M 14.9 ± 0.4***M,**P

16h:0 79.9 ± 0.7 80.1 ± 1.1 77.2 ± 1.1*M,*P

18h:0 3.8 ± 0.2 1.9 ± 0.2***M 1.6 ± 0.1***M

Sphingoid basec

d18:14t 3.2 ± 0.4 3.1 ± 0.2 3.1 ± 0.2
d18:24t,8t 27.1 ± 0.6 26.6 ± 0.1 27.2 ± 0.2
9-Me d18:24t,8t 36.0 ± 0.6 35.2 ± 0.2 35.8 ± 0.4
t18:0 30.1 ± 1.3 31.4 ± 0.6 30.2 ± 0.7
t20:0 3.5 ± 0.3 3.7 ± 0.1 3.7 ± 0.3

aResults were determined from the GLC peaks of FAME and fatty aldehydes.
These values are the means of three experiments. Significant differences for
paired comparisons are: *P < 0.05; **P < 0.01; ***P < 0.005 (one-way
ANOVA and Sheffé’s multiple comparison). M, vs. mycelia; P, vs. primordia. 
bHydroxy FA are abbreviated as Xh:Y.
cAbbreviations for sphingoid bases are shown as follows: d18:14t, 4-trans-
sphingenine; d18:24t,8t, 4-trans,8-trans-sphingadienine; 9-Me d18:24t,8t, 9-
methyl 4-trans,8-trans-sphingadienine; t18:0, 4-hydroxysphinganine; t20:0,
4-hydroxyeicosasphinganine.



in PC and PE, as was reported previously (31,39). However,
saturated FA (SFA), primarily 16:0, accounted for approxi-
mately half of the fatty acyl residues in PS. This result sug-
gests that the sn-1 or sn-2 positions of PS bind only to SFA or
16-carbon FA. In the ascomycetous yeast, Saccharomyces
cerevisaie, PS is synthesized from CDP-1 and -2-DAG, and
the PS synthesis pathway differs from that of PC and PE,
which are synthesized from 1,2-DAG (40). Moreover, UFA
are associated with more than 54% of the sn-1 position and
98% of the sn-2 position in PS from S. cerevisiae (41). There-
fore, the PS of L. edodes may be synthesized from the bind-
ing of CDP-1,2-DAG to SFA at its sn-1 or sn-2 position.

When the mycelia of L. edodes were cultivated for 60 d at
25°C, the amount of primary fatty acyl residues, 16:0 and
18:2, in the three major phospholipids, PC, PE, and PS,
changed little during vegetative growth, although the levels
of minor FA residues, 15:0, 18:0, and 18:1, changed slightly.
This result suggested that fatty acyl residue composition of
phospholipids is not influenced by vegetative growth. How-
ever, the fatty acyl residue composition of PC and PE isolated
from mycelia that had been transferred into an 18°C incuba-
tor appeared to have a higher proportion of UFA than the
mycelia growing at 25°C. Low-temperature stress has been
shown to alter FA composition in many other organisms
(9,10). Moreover, during fruiting-body formation, the propor-
tion of UFA in PE from the primordia and fruiting bodies was
higher than that from the mycelia growing at 18°C. Although
we observed increases in 18:1 in PC from the primordia and
fruiting bodies, 18:2 levels were lower than those in the
mycelia growing at 18 or 25°C. Therefore, the change in fatty
acyl residues observed during fruiting-body formation in L.
edodes differs from that which occurs in response to low-tem-
perature stress. This alteration may be specific to cell differ-
entiation in L. edodes and may be necessary for induction of
FA desaturation, which increases the level of UFA in this fun-
gus. A ∆-12 fatty acid desaturase, which converts 18:1 to
18:2, is known to recognize diacyl-PC as substrate in the
yeast Yarrowia (Candida) lypolytica (42). Therefore, the ac-
tivity or the expression of this enzyme may be slightly re-
duced in the fruiting-body stage. However, neither cloning of
the gene encoding ∆-12 FA desaturase nor clarification of FA
synthesis in L. edodes has been reported. Further studies of
the enzymes and genes involved in FA desaturation will clar-
ify the relationship between UFA in phospholipids and fruit-
ing-body formation in L. edodes.

Cerebrosides, including 9-Me d18:24t,8t, are known inducers
of fruiting-body formation in two species of basidiomycetes.
Therefore, we investigated the variation of intercellular cere-
brosides of L. edodes during vegetative growth and fruiting-
body formation and analyzed the alteration of fatty acyl and
sphingoid base residues in these cerebrosides during the forma-
tion of fruiting bodies. The amount of cerebrosides in L. edodes
changed little during vegetative growth, whereas the cerebro-
side level in the primordia was higher than those of the other
different stages in the fruiting-body formation. On the other
hand, 9-Me d18:24t,8t is the primary sphingoid base residue in L.

edodes cerebrosides, and the composition of sphingoid base
residues was similar in the mycelia, primordia, and fruiting
bodies, although the primordia and fruiting bodies appeared to
have a higher proportion of 2-hydroxy fatty acyl residues, espe-
cially h16:0, than mycelia. Thus, these data suggest that a
change of the components in intracellular cerebrosides, includ-
ing 9-Me d18:24t,8t, is not essential. Instead, a quantitative ac-
cumulation of intracellular cerebrosides acts as an intracellular
signal that initiates fruiting-body formation in L. edodes.

The present study identified an alteration in membrane
lipids of L. edodes during growth and cell differentiation and
found that these alterations were observed only during fruit-
ing-body formation.
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ABSTRACT: The lipids of the gram-negative marine bacterium
Marinobacter hydrocarbonoclasticus, cultivated in synthetic
seawater supplemented with 1-chlorooctadecane as sole source
of carbon, were isolated, purified, and their structures deter-
mined. Three pools of lipids were isolated according to the se-
quential procedure used: unbound lipids extracted by organic
solvents, ester-bound lipids released under alkaline conditions,
and amide-bound lipids released by acid hydrolysis. FA isolated
from the unbound lipids included ω-chlorinated (21%, w/w, of
this fraction; C16 predominant) and nonchlorinated compounds
(22%, w/w; C18 predominant). These acids were accompanied
by a high proportion of ω-chloro-C18 alcohols (43%, w/w) and
a lower amount of ω-chloro-β-hydroxy-C18, -C16, and -C14 acids
(5%, w/w). These data, together with the isolation from the culture
medium of γ-butyrolactone, suggested a metabolism of 1-
chlorooctadecane through oxidation into ω-chloro acid and then
the classic β-oxidation pathway. The analysis of the ester-bound
and amide-bound lipids revealed that significant amounts of ω-
chloro-β-hydroxy C10–C12 acids were incorporated into the
lipopolysaccharides of the bacterium. Incorporation of these ω-
chloro-β-hydroxy acids into the lipopolysaccharides represents a
novel route for chloroalkane assimilation in hydrocarbonoclastic
gram-negative bacteria. The formation of chlorinated hydroxy
acids, like the ω-chloro FA in the cellular lipids, could account for
an incomplete mineralization of chloroparaffins in the environ-
ment.

Paper no. L9400 in Lipids 39, 75–79 (January 2004). 

Chloroparaffins are chlorinated, mainly straight-chain, satu-
rated hydrocarbons of the C10–C30 range, with a high degree
of chlorination (40–70%, w/w) (1). Widely used as plasticiz-
ers, flame-proofing agents, and extreme pressure lubricants,
their total world production was estimated to be 300,000 tons
per year in 1987 (2). The release of such compounds into the
environment can occur during production, storage, transporta-
tion, and use, potentially causing damage (3), particularly to
the fauna (4,5). Considered for a long time as nonbiodegrad-
able, their degradation has been reported, however, in some

strains of Rhodococcus (6) and Pseudomonas (7). By com-
parison, 1-haloalkanes, which are the simplest compounds of
this chemical family, are less recalcitrant to biodegradation.
Thus, several strains of fungi, bacteria, and protozoa capable
of using hydrocarbons as sole source of carbon are also
known to degrade 1-chloroalkanes and to incorporate the re-
sulting FA into their cellular lipids (8–12). In this paper we
describe the isolation and the characterization of metabolites
formed during the growth of Marinobacter hydrocarbono-
clasticus, strain SP17, on 1-chlorooctadecane. This microor-
ganism is a ubiquitous aerobic marine gram-negative bac-
terium, degrading alkanes efficiently (13–15). In addition to
chloro FA and chloro fatty alcohols, we report on the forma-
tion of chlorinated β-hydroxy acids, not only as free com-
pounds but also covalently bound to the lipopolysaccharides
(LPS) of M. hydrocarbonoclasticus. 

EXPERIMENTAL PROCEDURES

Chemical materials. Silica gel for column chromatography
(CC) (silica gel 60, 70–230 mesh) was purchased from Merck
Eurolab (Lyon, France). 1-Chlorooctadecane (>98%) was
supplied by TCI (Tokyo, Japan); n-nonadecane (≥99%) was
from Fluka (L’Isle d’Abeau, France); dimethyl disulfide
(DMDS) and pyrrolidine were from Merck (Darmstadt, Ger-
many); an etheral solution of diazomethane was prepared
from Diazald® (Sigma-Aldrich; l’Isle d’Abeau, France), ac-
cording to an Aldrich procedure (Technical Information Bul-
letin number AL-180).

Microorganism and culture conditions. Marinobacter hy-
drocarbonoclasticus strain SP 17, ATCC 49840 (Rockville,
MD), was used. Cells were grown in 3-L Erlenmeyer flasks
(×3) containing 1 L of synthetic seawater supplemented with
1-chlorooctadecane (1 g/L). Synthetic seawater was com-
posed of (g/L, in distilled water): Tris, 5; KCl, 0.75; NH4Cl,
1; MgSO4⋅7H2O, 3.91; MgCl2⋅6H2O, 5.08; CaCl2, 1.5; NaCl,
23. The pH was adjusted to 7.8 with 10 M HCl; 2 mL and 4
mL of autoclaved (120°C, 20 min) solutions of FeSO4 (1 g/L)
and dipotassium phosphate (18.6 g/L), respectively, were
added to 1 L of synthetic seawater immediately before use.
The strain was precultured on n-nonadecane (1 g/L) and
successively inoculated in media progressively enriched in
1-chlorooctadecane (0.25, 0.5, 0.75, and finally 1 g/L) and
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simultaneously impoverished in hydrocarbon in order to main-
tain a nutrient concentration of 1 g/L. A cell inoculum was
finally prepared by cultivating the strain on pure 1-chlorooctadec-
ane. The bacterium was grown aerobically at 22°C with agita-
tion provided by magnetic stirring (100 rpm). The biomass was
harvested after 3 wk of growth, when the cells entered the sta-
tionary phase of growth, by centrifugation at 7650 × g, washed
twice with synthetic seawater (200 mL), and freeze-dried.

Extraction and fractionation of lipids. The dry biomass of
M. hydrocarbonoclasticus (815 mg) was extracted using chlo-
roform/methanol (2:1, vol/vol; 100 mL) with stirring, 18 h at
room temperature. After centrifugation of the mixture at 120 ×
g, the pellet was resuspended for 1 h in chloroform/methanol
and then centrifuged. The combined supernatants were concen-
trated under reduced pressure, and the crude extract (287 mg)
was fractionated by CC on silica gel (24 g). A chloroalkane
fraction was eluted with 90 mL heptane, and then the lipids
were recovered by elution with diethyl ether/methanol (3:1,
vol/vol; 200 mL). This latter fraction (51 mg) was transesteri-
fied in 30 mL of methanol/KOH (0.1 M), at 0°C for 2 h. The
reaction mixture was acidified to pH 1 with aqueous HCl 5%
(vol/vol) and extracted with diethyl ether, giving the “unbound
lipids.” The solvent-extracted biomass was then reacted with
40 mL of methanol/KOH (1 M) under reflux for 2 h to cleave
ester bonds. The reaction mixture was centrifuged (100 × g),
and the pellet was rinsed with 50 mL methanol. The combined
supernatants were acidified with aqueous HCl (5%) and diluted
with water, and the lipids were then extracted with diethyl ether.
The concentrated extract (16 mg) constituted the “ester-bound”
lipids. The residual biomass was hydrolyzed in 15 mL of aque-
ous HCl (4 M) for 6 h under reflux to cleave amide bonds. After
cooling, the reaction mixture was diluted with distilled water
(200 mL) and extracted with diethyl ether. The concentrated ex-
tract (17 mg) constituted the “amide-bound” lipids. The two lat-
ter extracts were submitted to esterification at room temperature,
using an etheral solution of diazomethane (2 mL, 0.12 M). The
reaction mixtures were concentrated under reduced pressure.

For the extraction of organic compounds released in the cul-
ture medium, 1 L of the supernatant obtained during the recov-
ery of the biomass was continuously extracted with diethyl ether
for 72 h. The ether extract was dried with anhydrous Na2SO4
and concentrated under reduced pressure.

Derivatization and MS. The three lipid pools and the ether
extract of the culture medium were analyzed by GC–MS with a
Hewlett-Packard HP 6890 chromatograph coupled with an HP
5973N mass spectrometer (Agilent Technology). The chromato-
graph was equipped with a J&W Scientific DB-5MS fused-sil-
ica column (30 m × 0.25 mm) coated with 95% polydimethyl-
siloxane and 5% phenylsiloxane (Massy, France). The tempera-
ture programs were from 100 to 300°C (4°C/min) for the three
lipid pools and from 50 to 300°C (4°C/min) for the ether extract
of the culture medium. GC–EI–MS analyses were performed at
70 eV. FAME were identified by coinjection with authentic stan-
dards on GC (same conditions as for GC–MS)  and comparison
of the mass spectra. The position of the double bonds in the
FAME was determined by the analysis of the DMDS adducts

formed by an I2-catalyzed reaction (16). The methyl branching
on the hydrocarbon chains of the lipids was established by ex-
amining the mass spectra of the pyrrolidide derivatives (17). Al-
cohols and β-hydroxy acids were analyzed as trimethylsilyl
ethers (18). 

RESULTS AND DISCUSSION

Methodology and quantitative data. To extract the totality of
lipids we have used a procedure previously developed for lipid
analysis of some gram-negative bacteria such as Acinetobacter
calcoaceticus, Escherichia coli, and M. hydrocarbonoclasticus
(15,19), and also some organic materials from a marine environ-
ment reworked by bacteria (20). This procedure involves a se-
quential extraction of the lipids. In a first step, a chloroform/
methanol extraction furnishes the main part of the free and mem-
brane lipids of the bacteria. Then the successive alkaline and
acid hydrolyses of the extracted biomass liberate FA and hy-
droxy acids from ester-bound and amide-bound lipid moieties
of LPS, respectively.

The crude extract (287 mg) obtained from the dry bacterial
biomass (815 mg) by chloroform/methanol extraction accounted
for 29% (w/w) of the dry biomass. To remove 1-chlorooctadec-
ane from this mixture, which was adsorbed on the cell surfaces
and also ingested by the bacterial cells, the extract was purified
by silica gel CC. The recovered purified fraction (the unbound
lipids: 51 mg), accounted for 8.8% (w/w) of the biomass free of
chloroalkane, whereas the ester-bound and amide-bound lipids
corresponded to 2.7 and 2.8% (w/w), respectively. By compari-
son with the data obtained from the bacterium grown on hydro-
carbon (n-eicosane), the present results show an increase in lipid
concentration in the three pools. On the whole, this corresponds
to an absolute increase of about 80% (15).

Identification of lipids. FA were analyzed as FAME; alcohols
and hydroxy functions of hydroxy acids were trimethylsilylated,
and the three lipid fractions were analyzed by GC and GC–MS.
To determine the position of the carbon–carbon double bonds in
the monoenoic compounds, DMDS adducts were formed and
examined by GC–MS. The presence of a chlorine atom in a mol-
ecule was easily established from the mass spectrum, which
showed two peaks separated by two mass units for the molecu-
lar ion, in relation to the two isotopes 35Cl and 37Cl. These two
peaks had heights in a 3:1 ratio, typical of the pattern expected
for a compound containing one chlorine atom. The same was
observed with chlorine-containing ions. As examples, Figure 1
shows the mass spectra of two derivatives of M. hydrocarbono-
clasticus chloro lipids: the DMDS adduct of ω-chloro-octadec-
9-en-1-ol, as trimethylsilyl derivative (Fig. 1A), and the
trimethylsilyl ether of ω-chloro-β-hydroxydodecanoic acid
methyl ester (Fig. 1B). 

Composition of unbound lipids and metabolism of 1-
chlorooctadecane. Lipid distribution by class of compounds in
the unbound lipids is listed in Table 1. FA and fatty alcohols, to-
gether with their chlorinated analogs, were the major compo-
nents, with a slight predominance of the latter compounds
(45.2%; Table 1). Two C18 ω-chloro primary alcohols, together

76 COMMUNICATIONS

Lipids, Vol. 39, no. 1 (2004)



representing 94.5% of the fatty alcohols, were the main unbound
lipids; a saturated and an ω9 monounsaturated alcohol accounted
for 18.1 and 22.4% of the unbound lipids, respectively (Table 2).
A lower amount of a C18 secondary alcohol, with the hydroxyl
group at position 2, was also detected (1.1% of the unbound
pool). Stearyl alcohol (18:0) also occurred in significant amount
(2% of the unbound lipids). Its presence could argue for the de-
halogenation of 1-chlorooctadecane. However, the GC–MS
analysis of the commercial chlorohydrocarbon used for this
study revealed the presence of n-octadecane in low amount
(0.2% of the mixture); its oxidation by the bacterium is probably
at the origin of the stearyl alcohol. FA and their ω-chlorinated
analogs were in almost equal proportion (Table 1). Monounsatu-
rated FA with unsaturation at position ω9 predominated (18:1
dominant) over the ω7 isomers, as previously noted for the bac-

terium grown on various n-alkanes (14,15), whereas in the
chlorinated series unsaturation occurred only at position ω9 (ω-
Cl-16:1ω9 dominant). Furthermore, ω-chloro-β-hydroxy acids
(C18, C16, and C14: 87.3% of the unbound β-hydroxy acids)
predominated over the C18 and C16 nonchlorinated compounds.
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FIG. 1. Mass spectra of trimethylsilyl derivatives of dimethyl disulfide adduct of ω-chlorooctadec-9-en-1-ol (A)
and ω-chloro-β-hydroxy-dodecanoic acid methyl ester (B).

TABLE 1 
Distribution and Abundancea of Lipids in the Three Pools

Unbound Ester-bound Amide-bound

FA 42.1 (48.9)b 40.8 (9.3)0 7.7 (–)0
β-Hydroxy acids 5.5 (87.3) 48.1 (10.8) 78.9 (10.3)
Fatty alcohols 45.2 (94.5)
aExpressed as percent, w/w, of the considered pool.
bValues in parentheses represent the proportion (in %) of chloro compounds
for a given type of lipids.



From these results, it is likely that M. hydrocarbonoclasti-
cus metabolizes 1-chlorooctadecane mainly via oxidation of
the terminal methyl group to give the primary alcohol (ω-Cl-
18:0, 1-OH), which undergoes successive oxidations to the
ω-chloro C18:0 acid and further degradation via the classical
β-oxidation cycle involving β-hydroxy acids as intermedi-

ates. The desaturation of the ω-chloro alcohol would then
give ω-chloro-octadec-9-en-1-ol, which would then be oxi-
dized into the corresponding acid and further metabolized
through the β-oxidation pathway. Evidence of metabolism by
the β-oxidation route was also provided by the isolation of γ-
butyrolactone from the culture medium. The β-oxidation
pathway of the even carbon-numbered ω-chloro acids leads to
4-chlorobutyric acid, which can undergo, perhaps in an abiotic
reaction, a cyclization to give γ-butyrolactone, as previously
observed in the culture of R. rhodochrous on 1-chlorohexa-
decane (11).

Two minor routes also exist for the metabolism of 1-
chlorooctadecane in M. hydrocarbonoclasticus. Indeed, the
detection of a low amount of a secondary alcohol (ω-Cl-18:0,
2-OH) indicated that chlorooctadecane was also oxidized at a
subterminal position. Further oxidation of this secondary al-
cohol would lead, via a Bayer–Villiger type reaction (21), to
the chlorinated C16:0 acid. 

Furthermore, the GC–MS analysis of the unbound lipids
revealed the unexpected presence of a diol, i.e., ω-chloro-
octadecane-1,2-diol (Table 2). Based on the GC–MS analysis
of the commercial chlorooctadecane, it appeared that this
product contained, in addition to the octadecane already men-
tioned, low amounts of 1-chlorohexadecane, ω-chloro-
octadec-1-ene (for each, about 0.2% of the mixture), and a
trace amount of 1-chloroheptadecane. The diol was probably
derived from the oxidation of the chlorinated octadecene. In
the same way, 1-chloroheptadecane was certainly the basis
for the formation of ω-chloro-β-hydroxyheptadecanoic acid.

Composition of the bound lipids. The ester-bound lipids
included FA and β-hydroxy acids, the latter compounds being
predominant. Contrary to the unbound lipids, nonchlorinated
compounds dominated in these two lipid classes (Table 1). FA
having short hydrocarbon chains (C10 and C12) were more
abundant than in the unbound lipids, whereas the proportion
of chloro acids with long hydrocarbon chains sharply de-
creased. β-Hydroxy dodecanoic acid was quite dominant in
this lipid pool (39.5% of the ester-bound lipids; Table 2). It
was accompanied by low amounts of lower (3-OH-10:0, 
3-OH-11:0) and higher (3-OH-13:0, 3-OH-14:1) homologs,
along with substantial amounts of the ω-chlorinated deriva-
tives of 3-OH-10:0, 3-OH-11:0, and 3-OH-12:0 (Table 2).

Amide-bound lipids were almost exclusively β-hydroxy
acids, as previously observed in the cultures of M. hydrocar-
bonoclasticus on eicosane (15), and some other hydrocarbons
(Soltani, M., Metzger, P., and Largeau, C., unpublished re-
sults). In the present work, the amide-bound lipids contained
β-hydroxy dodecanoic acid as the major compound, together
with some chlorinated and nonchlorinated homologous com-
pounds. The distribution pattern of these compounds was
rather similar to the one observed in the ester-bound lipids.

From all these results, it appears that M. hydrocarbono-
clasticus metabolizes 1-chlorooctadecane chiefly via oxida-
tion into primary alcohol and acid and further degrades it via
the β-oxidation cycle. The bacterium is able to incorporate
high proportions of chlorinated compounds into the intracellular
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TABLE 2 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid
Pools Isolated from Marinobacter hydrocarbonoclasticus Grown on
1-Chlorooctadecanea

Lipids Unbound Ester-bound Amide-bound

FA
10:0 Trace 2.8 —

b

12:0 Trace 9.8 —
14:0 0.6 Trace —
Cl-14:0 1.7 0.9 —
14:1n-7 Trace 2.7 —
14:1n-9 2.3 2.7 —
15:0 0.1 — —
16:0 5.8 11.0 7.7
Cl-16:0 8.5 2.9 —
7Me-16:0 0.5 0.5 —
16:1n-7 0.1 0.4 —
16:1n-9 2.3 0.4 —
Cl-16:1n-9 8.4 — —
17:0 0.5 0.3 —
18:0 0.1 2.1 —
Cl-18:0 Trace — —
18:1n-7 0.1 3.6 —
18:1n-9 9.1 3.6 —
Cl-18:1n-9 2.0 — —

β-Hydroxy acids
10:0 — 0.4 0.7
Cl-10:0 — 2.1 1.9
11:0 — 0.2 0.3
Cl-11:0 — 0.2 1.3
12:0 Trace 39.5 69.5
Cl-12:0 Trace 2.9 4.9
12:1 — 0.3 —
Cl-12:1 — 0.3 —
13:0 — 0.5 0.5
14:0 — — 0.9
Cl-14:0 0.5 — —
14:1 — 2.0 —
Cl-14:1 0.5 — —
16:0 0.5 — —
Cl-16:0 1.5 — —
Cl-16:1n-9 0.5 — —
Cl-17:0 Trace — —
18:0 0.2 — —
Cl-18:0 1.4 — —
Cl-18:1n-9 0.4 — —

Alcohols
16:0, 1-OH 0.5 — —
18:0, 1-OH 2.0 — —
Cl-18:0, 1-OH 18.1 — —
Cl-18:0, 2-OH 1.1 — —
Cl-18:1n-9, 1-OH 22.4 — —
Cl-18:0, 1,2-diol 1.1 — —

Other compounds 7.2 10.3 12.3
aExpressed as percent of the total lipids for the considered pool.
b—, not detected.



lipids. The C2 units released during the β-oxidation cycle are
subsequently used for the de novo synthesis of FA and β-hy-
droxy acids. In gram-negative bacteria, it is well known that
β-hydroxy acids exhibit important taxonomic values and are
generally the main components of the LPS, whereas nonhy-
droxy acids are subordinate compounds in these polymers
(22). From previous analyses of the lipid composition of M.
hydrocarbonoclasticus, it was established that β-hydroxy-
12:0 acid was the major and sometimes unique hydroxy acid
of the LPS, whatever the carbon source may be (15; Soltani,
M., Metzger, P., and Largeau, C., unpublished results). In the
presence of 1-chlorooctadecane, the LPS of the bacterium
still incorporate a high proportion of β-hydroxy-12:0 acid, but
also up to 10% of ω-chloro-β-hydroxy acids. This result has
environmental and geochemical implications. Indeed, the in-
corporation of chloro-β-hydroxy acids into LPS diverts a part
of the chloroalkane from mineralization and could thus lead
to the accumulation of this type of potentially toxic (23) com-
pound in biota. On the other hand, besides anthropogenic in-
puts of haloalkanes in the environment, two other natural
sources have recently been identified: plants from hypersaline
environments (24) and some marine sediments (25). Based
on the present results, it can be hypothesized that some sedi-
mentary chloro FA and chloro-β-hydroxy acids might be
formed through a pathway similar to the one occurring in M.
hydrocarbonoclasticus.
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ABSTRACT: Psammomys obesus (sand rat) is an appropriate
model to highlight the development of hyperinsulinemia, in-
sulin resistance, obesity, and diabetes. This animal species, with
genetically predetermined diabetes, acquires non-insulin de-
pendent diabetes mellitus when exposed to energy-rich diets.
In the present study, we explored the possibility that glycation
of LDL may occur in diabetes-prone P. obesus and affect platelet
and macrophage functions. The glycation of LDL, isolated from
diabetic animals, was significantly (P < 0.05) higher (40%) than
that of control animals. The incubation of platelets with glycated
LDL enhanced the reactivity of platelets by 32–44% depending
on the aggregating agents (thrombin, collagen, ADP). Further-
more, LDL derived from diabetic rats were chemotactic for nor-
mal monocytes and stimulated the incorporation of [14C]oleate
into cellular cholesteryl esters. The enhancement of platelet ag-
gregation and cholesterol esterification in monocytes may con-
tribute toward the accelerated development of atherosclerotic car-
diovascular disease in diabetic P. obesus animals. This study also
illustrates the relevance of studying atherosclerosis in the P. obesus
animal model, as it shows an increased tendency to develop diet-
induced diabetes, which is associated with cardiovascular disor-
ders.

Paper no. L9380 in Lipids 39, 81–85 (January 2004).

Diabetes mellitus is commonly associated with marked alter-
ations in plasma lipoproteins (1,2). Abnormalities of plasma
lipids and lipoprotein concentrations and composition con-
tribute to accelerated atherosclerosis (1,2). Several studies
have emphasized the involvement of glycation (nonenzymatic
glycosylation) in the rapid development of atherosclerosis (3,4).
Indeed, the nonenzymatic binding of glucose to reactive amino
groups located on lysine side chains of apolipoprotein (apo)
B increased its atherogenic potential. Since the pioneering
study of Schleicher et al. (5), extensive work has been carried
out toward understanding the pathophysiologic relevance of
glycation and oxidation of LDL. Not only were glycated LDL
present in hyperlipidemic and normolipidemic diabetic

patients (6,7), but glycation also diminished the high affinity of
the LDL receptor, which mediates uptake and degradation of
LDL in vitro (8). Additionally, glycation promoted internal-
ization by an alternative receptor of monocyte-macrophages
that gave rise to foam cells (9), decreased the rate of clear-
ance of LDL in vivo (10), and compromised the regulation of
HMG-CoA reductase and acyl-CoA:cholesterol acyltrans-
ferase activities (11). Furthermore, the presence of nonenzy-
matically bound glucose on lipoproteins may increase the
likelihood of oxidative damage. In this situation, the glyca-
tion of apoB may cause the molecule to become chemically
unstable, rendering it open to attack by free radicals generated
by the peroxidation of lipid components of LDL, or apoB may
undergo further direct chemical modifications by oxidation,
acetylation, or methylation (3). Finally, the production of auto-
antibodies directed to glycated proteins occurred in vivo (12).
These antigen–antibody complexes were found in atheroscle-
rotic lesions and detected in the serum of diabetic rats (13).

Despite major advances in the understanding of the risk fac-
tors associated with atherosclerosis, the pathophysiological
processes leading toward the development of vascular lesions in
diabetes remain obscure. Given the difficulty of exploring the
etiology and the time course of lesion development in humans,
diabetic animal models may provide excellent opportunities to
elucidate mechanisms that may be common to animals and hum-
nas. Recently, we showed that the Psammomys obesus (sand
rats) developed hyperinsulinemia, hyperglycemia, and obesity
when transferred to laboratory diets (14–16). In nature, this ani-
mal is an herbivorous rodent, subsisting on a low-energy, elec-
trolyte-rich diet. The diabetic state that develops in captivity can
be prevented by feeding the animals a low-energy diet, such as
the saltbush diet. Therefore, the P. obesus model is particularly
well-suited to highlight the development of hyperinsulinemia,
insulin resistance, obesity, and diabetes in populations subjected
to nutritional abundance and genetically predisposed to diabetes.
However, studies are needed to demonstrate that this animal is
able to display some of the features associated with the athero-
sclerotic complications of diabetes. This study was therefore de-
signed to determine whether the glycation of LDL can occur in
diabetic P. obesus animals, with potential consequences on
platelet and macrophage functions.
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MATERIALS AND METHODS

Animals. Psammomys obesus (sand rats; age 2.5–3.5 mon)
from Hebrew University (Jerusalem, Israel) were used for this
study. After weaning, the animals were maintained on a low-
energy diet containing 2.38 kcal/g (Koffolk, Petach Tikva, Is-
rael) until the beginning of the experiments. They were then
switched to a high-energy diet (2.93 kcal/g) for 2 wk. Water
and food were supplied ad libitum. Animals with normoinsu-
linemia, normoglycemia, hyperglycemia, and hyperinsuline-
mia were used for the present studies. All experimental pro-
cedures performed herein were authorized by the Institutional
Animal Care Committee. 

Isolation of LDL. Blood was collected on EDTA after an
overnight fast. Plasma LDL was isolated by traditional sequen-
tial ultracentrifugation, as described previously (17), so the
LDL fraction was 1.019 < d < 1.063 g/mL. Isolated LDL was
washed and concentrated by one additional spin and the appro-
priate KBr density (1.063 g/mL) in a Ti-50 rotor in a Beckman
model L5-65 ultracentrifuge for 18 h at 4°C. The LDL fraction
was dialyzed exhaustively against 0.15 M NaCl, 0.0001 M
EDTA, pH 7.0. Lipoprotein-deficient serum was prepared as
reported previously (18).

Glycation. Glycation of LDL, diluted to 1 mg/mL, was
measured essentially as described by Lyons et al. (19).
Briefly, apoprotein of LDL was reduced by tritiated sodium
borohydride (360 mCi/mmol; New England Nuclear, Mon-
tréal, Canada) so that tritium was incorporated into the keto-
amine group formed by the attachment of glucose to pro-
tein. After acid hydrolysis for 18 h at 95°C in 12 N HCl, the
resultant tritiated glycated amino acids (3H-hexitol amino
acids) were eluted through affinity chromatography, and ra-
dioactivity was counted. The amount of hydrolyzed apo was
applied to chromatography, and the extent of glycation was
expressed as dpm/mg protein/min of hydrolyzed protein.

Chemotaxis assay. Chemotaxis was measured by using
freshly prepared monocytes as described (20).

Platelet aggregation. Platelets were isolated from citrated
blood obtained from normal animals. Platelets were washed,
suspended in HEPES-Tyrode’s buffer (0.135 M NaCl, 2.7
mM KCl, 11.9 mM NaHCO3, 0.36 mM NaH2PO4, 14.7 mM
HEPES, pH 7.35), counted, and adjusted to 4 × 108/mL.
Platelets were incubated with LDL (1 mg protein/ mL) de-
rived from control or diabetic P. obesus at 37°C for 30 min.
Platelet aggregation was assessed essentially as described by
Watanabe et al. (21) except that thrombin, collagen, and ADP
also were included as aggregating agents. The final concen-

trations were 0.5 U/mL thrombin, 2 µg/mL collagen, and 5
mM ADP.

Monocyte isolation and measurement of esterified choles-
terol content. Cholesteryl ester synthesis was determined in
isolated monocytes after incubation of monocyte-derived
macrophages with control or diabetic LDL (100 µg pro-
tein/mL) (22). After maturation of macrophages, the cells
were extensively washed with PBS and incubated with
serum-free medium containing 0.2 mm [14C]oleic acid com-
plexed with 2.4 mg albumin. The cells were then incubated at
37°C for 20 h. After the incubation, the medium was removed
and the cells were washed with PBS before being harvested.
Lipid extraction of the cells (pelleted by centrifugation) was
performed with chloroform/methanol (2:1, vol/vol). Choles-
teryl [14C]oleate was isolated by TLC and counted as previ-
ously described (23).

Biochemical analyses. Plasma glucose, cholesterol, and TG
were determined using Boehringer kits (Mannheim, Germany).
Plasma insulin levels were quantified by RIA (Phadesph; Kabi
Pharmacia Diagnostics, Uppsala, Sweden).

Statistical analysis. All results were expressed as mean ±
SE. Statistical analysis was performed with the paired Student’s
t-test, with P < 0.05 accepted as statistically significant.

RESULTS

Plasma parameters. As observed in Table 1, some of the P.
obesus animals developed diabetes based on glucose and in-
sulin determinations. Concomitantly, they exhibited abnor-
mally high values of TG and cholesterol compared to normal
animals.

LDL glycation. For the determination of whether glycation
occurred in P. obesus, LDL were isolated from both groups
of animals and LDL glycation was measured. As shown in
Table 2, the glycation of LDL isolated from diabetic P. obe-
sus was significantly higher (~40%) than that of LDL parti-
cles derived from controls. Changes were also noted in the
chemical composition of LDL. TG, cholesteryl ester, and pro-
tein enrichment as well as free cholesterol and phospholipid
depletion characterized diabetic LDL particles.

Platelet aggregation. The effect of glycated LDL on aggre-
gation of normal platelets was also evaluated. The incubation
of platelets with diabetic LDL markedly enhanced the reactiv-
ity of platelets with the different aggregating agents (Fig. 1).

Chemotaxis and macrophage cholesterol esterification.
LDL derived from diabetic P. obesus were found to be
chemotactic for monocytes (Table 3). Furthermore, diabetic
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TABLE 1 
Body Weight and Biochemical Plasma Parameters of Control and Diabetic Animalsa

Body weight Glucose Insulin TG Cholesterol
Animals (g) (mg/dL) (µU/mL) (mg/dL) (mg/dL)

Control (n = 20) 89.2 ± 3.1 82.0 ± 3.6 68.4 ± 12.7 58.6 ± 8.90 66.0 ± 7.20
Diabetic (n = 20) 119.0 ± 4.2 366.1 ± 19.6b 205.8 ± 25.3b 299.5 ± 13.4b 149.4 ± 11.4b

aValues are means ± SEM.
bP < 0.01.



LDL stimulated the incorporation of [14C]oleate into cellular
cholesteryl esters of monocytes 4.8-fold relative to their
plasma LPDS counterpart.  On the other hand, only a 2.7-fold
stimulation of [14C]oleate incorporation by control LDL was
achieved using their plasma LPDS counterpart.

DISCUSSION

Psammomys obesus animals are prone to obesity, hyper-
glycemia, and hyperinsulinemia when transferred from their
desert native saltbush food (Atriplex halimus, 1.9 kcal/g) to a
laboratory rodent diet, which is higher in energy (3.1 kcal/g)
(14–16). However, the abnormalities of lipoprotein metabo-
lism that are intimately related to the development of athero-
sclerosis have not yet been investigated in this diabetic ani-
mal model. In the present study, we explored the possibility
that the nonenzymatic glycosylation of LDL, a process occur-
ring in diabetes because of their increased ambient glucose
levels, may potentiate certain processes that are relevant to
cardiovascular disease. Our data demonstrated that glycated
LDL, present in diabetic sand rats, enhanced platelet sensitiv-
ity to some aggregating agents. Furthermore, glycated LDL
was chemotactic for monocytes and produced much greater
stimulation of cholesterol esterification.

Increased nonenzymatic glycosylation of proteins has been
implicated in the etiology of several complications in diabetes
mellitus (24). Advanced glycation end products (AGE) cause
numerous abnormal responses in cells that produce serious
consequences in macromolecular functions of DNA (25),
structural proteins (26), enzymes (27), and growth factors
(28). Apart from diabetic microvascular complications (24),
AGE also have been implicated in vascular damage, particu-
larly atherosclerosis (29). This is the first study documenting
the effect of the nonenzymatic glycosylation of atherogenic
LDL particles in P. obesus animals. In this context, it has been
postulated that abnormal platelet function may be one of the
factors contributing to the increased incidence of macrovas-
cular disease in diabetic patients (20). The results presented
in this paper show that one of possible mechanisms responsi-
ble for the enhancement of platelet aggregation is the glyca-
tion of LDL, confirming and extending the data presented pre-
viously by Watanabe et al. (21). The recognition of glycated
LDL by the classic LDL receptor is markedly impaired (8).
These biologically modified LDL particles are preferentially
recognized by both murine and human macrophages via a
high-affinity receptor, the scavenger receptor. They may in-
duce a massive intracellular accumulation of cholesteryl ester
in these cells (11). Although we have not measured the scav-
enger receptor activity in the current investigation, our data
revealing cholesteryl ester accumulation suggest that mono-
cyte-derived macrophages recognized and degraded glycated
LDL in P. obesus. Accordingly, Lopes-Virella et al. (11) have
demonstrated that human monocytes recognize glycated LDL
to a greater extent than normal LDL. This probably occurs
through a pathway independent of the classic LDL-receptor
pathway. As macrophages are thought to be the precursors of
most of the lipid-laden foam cells characteristic of the early
atheromatous lesion, we suggest that atherosclerosis may be
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TABLE 2 
Glycation and Lipid Composition of LDL from Diabetic and Control Animalsa

Glycationb TG CE PC PL PR
Animals (dpm/µg protein/min) (%) (%) (%) (%) (%)

Diabetic 72,200 ± 1,000c 9.4 ± 0.4c 32.4 ± 1.3c 7.9 ± 0.7 31.8 ± 1.2 18.4 ± 0.7c

Control 51,300 ± 2,300 16.2 ± 0.7 23.7 ± 1.0 9.1 ± 0.5 26.9 ± 1.3 24.2 ± 0.5
aValues are means ± SEM of n = 10/group of animals.
bMeasures of [3H]hexitol amino acid.
cP < 0.05.

FIG. 1.  Aggregation of platelets that were incubated for 5 min with control
and glycated LDL. Values are expressed as percentages of aggregation rate of
platelets incubated with LDL from normal animals at the maximal amplitude
of the aggregation curve (the percentage of platelet-poor plasma being 100%).
Platelets were isolated from citrated blood obtained from normal Psammomys
obesus animals, washed, pooled, suspended in Tyrode’s buffer (pH 7.4), and
counted. After adjustment to 4 × 108/mL, they were incubated with LDL (1
mg protein/mL) derived from control or diabetic P. obesus at 37°C for 30 min.
Platelets were then stimulated by either thrombin (0.5 U/mL), collagen (2
mg/mL), or ADP (5 mM) at 37°C for 5 min. Differences with all the aggregat-
ing agents were significant (*P < 0.01 for n = 4 animals/ group).

TABLE 3 
Effect of LDL on Chemotaxis and Cholesterol Esterification in 
Psammomys obesus peritoneal Macrophages

Cholesterol esterification
LDL source Chemotatic indexa (µmol/mg cell protein/15 h)

Diabetic 5.3 ± 0.7b 18.8 ± 3.7b

Control 1.6 ± 0.3 2.7 ± 0.3
aNumber of cells migrating in response to the test substance divided by the
number of cells migrating when control medium is present in each chamber.
Values for chemotactic index were carried out in triplicate, whereas those of
cholesterol esterification are means ± SE for n = 4 animals.
bP < 0.05.



a complication of diabetes characterizing P. obesus animals.
Importantly, the AGE accumulation in the extracellular ma-
trix of atheromatous arteries might lead to enhanced subinti-
mal protein and lipoprotein deposition with covalent trapping
of LDL as well as nitric oxide depletion (30,31). The en-
dothelial migration of monocytes and the uptake of these
modified LDL may result in lipid-laden foam cells in the ar-
terial intima and promotion of atherosclerosis.

In view of the chemical abnormalities of LDL isolated
from diabetic animals, additional studies are needed to delin-
eate whether glycation per se or the other perturbations seen
in diabetic LDL are responsible for altered platelet and
macrophage function in P. obesus. In fact, the development
of long-term vascular complications, including atherosclero-
sis, has been attributed by many investigators to hyper-
glycemia, the primary clinical manifestation of diabetes (32).
The participation of protein glycation in these processes has
stimulated considerable interest in recent years. This reaction
begins with the spontaneous condensation of a sugar aldehyde
with free amino groups and seems responsible for a number
of cellular effects despite normal LDL composition in numer-
ous studies. Accordingly, increased platelet aggregation was
detected in diabetic patients even when their plasma lipid and
lipoprotein levels were normal (20). It is therefore conceiv-
able that glycated LDL could contribute to various monocyte
and platelet perturbations, thereby accelerating arterial dis-
ease. In other studies, following incubation with glycated
LDL, platelets showed deep modifications in the activity of
plasma membrane transport enzymes in the cytoplasmic cal-
cium concentrations and in nitric oxide production (33).
Therefore, the interaction between glycated LDL and
platelets may play a central role in the pathophysiology of the
vascular complications of diabetes in P. obesus. However,
further investigation is required to highlight the separate im-
pact of LDL glycation and lipid composition on platelet and
monocyte intracellular events. Nevertheless, it should be
noted that LDL composition abnormalities and LDL glyca-
tion occur in type 2 diabetes, and these two alterations could
result in biological effects similar to those recorded in our
studies.

In this study, we examined in vivo-occurring, nonenzy-
matic glycosylation only in LDL.  Indeed, increased glyca-
tion can affect other lipoprotein classes and apoproteins. Cur-
tiss and Witztum (34) found elevated levels of glycation in
VLDL and HDL apoproteins. Further work is necessary to
explore the repercussions of these modified particles.

The present work demonstrates abnormal LDL composi-
tion and the presence of glycated LDL in diabetic P. obesus.
Moreover, “diabetic” LDL stimulated monocyte chemotaxis
and increased cholesteryl ester formation. Finally, glycated
LDL enhanced platelet reactivity. These data suggest that di-
abetic P. obesus animals present various characteristics that
are of paramount importance in the initiation of atheroscle-
rotic lesions. Therefore, this animal model of insulin resis-
tance and diet-induced obesity-linked diabetes may be useful
to study development of cardiovascular diseases.
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ABSTRACT: Cholesterol absorption is frequently determined
using the plasma dual stable-isotope ratio method (PDSIRM).
However, this method involves intravenous injection of stable-
isotope-labeled cholesterol with simultaneous oral administra-
tion of differently labeled cholesterol, which results in high
study costs and involves additional ethical considerations. The
objective of the present study was to validate a simpler single-
isotope method for determining cholesterol absorption against
PDSIRM by using data from two previous studies. Enrichments
of carbon-13 (13C) and deuterium in red blood cells were ana-
lyzed by using differential isotope ratio MS. The area under the
curve of 13C-enrichment in the plasma free-cholesterol pool was
found to be significantly correlated with cholesterol absorption
measured by using PDSIRM for study 1 (r = 0.85, P < 0.0001) and
study 2 (r = 0.81, P < 0.0001). Average 13C-enrichment corre-
lated with the area under the curve of 13C-enrichment in the
plasma free cholesterol for both study 1 (r = 0.98, P < 0.0001)
and study 2 (r = 1.00, P < 0.0001). Study 1 examined the effi-
cacy and mechanisms of unesterified plant sterols and stanols
on lipid profiles in hypercholesterolemic men and women,
while study 2 investigated the effects of phytosterol vs. phy-
tostanol esters on plasma lipid levels and cholesterol kinetics in
hyperlipidemic men. Experimental approaches to determine
cholesterol absorption were identical between the two studies.
Consequently, in both studies, correlations (r = 0.88, P < 0.0001
for study 1, and r = 0.82, P < 0.0001 for study 2) were found
between the average 13C-enrichment of plasma free cholesterol
and cholesterol absorption measured by PDSIRM. These results
suggest that a single-isotope-labeled cholesterol tracer approach
can be used as a reliable noninvasive method to replace
PDSIRM for examining changes in cholesterol absorption. 

Paper no. L9373 in Lipids 39, 87–91 (January 2004).

Dietary cholesterol and the large enterohepatic recirculation
of endogenous cholesterol readily mix to form a single pool
of intestinal cholesterol (1–3). Cholesterol absorption from
the gastrointestinal tract is a key component of whole-body
cholesterol metabolism. Measurement of cholesterol absorp-
tion provides important insights into the relationships among
diet and plasma cholesterol levels, cholesterol homeostasis,
genetic variations, and drug effects. For this purpose, a vari-
ety of different methods have been developed for estimating

cholesterol absorption in humans (4,5). Presently, three meth-
ods exist for measuring cholesterol absorption: the plasma
dual-isotope ratio method (6–8), the fecal dual-isotope ratio
method (9), and mass (sterol) balance (10). The simplest of
these methods is the plasma dual-isotope ratio method origi-
nally introduced by Zilversmit (6). 

In 1993, Lutjohann et al. (4) introduced the use of stable iso-
topes into the fecal dual-isotope ratio method for measuring
cholesterol absorption. In the same year, Bosner et al. (11) de-
veloped a plasma dual stable-isotope-ratio method (PDSIRM)
to measure cholesterol absorption, based on the plasma dual-
isotope ratio method developed by Zilversmit (6). This modi-
fied method has been used extensively (12–17). Although this
technique can measure cholesterol absorption with good preci-
sion and accuracy, it involves intravenous injection of labeled
cholesterol. As such, the technique increases study costs dra-
matically, involves an invasive procedure, and requires addi-
tional ethical considerations. 

In PDSIRM, the amount of labeled cholesterol absorbed is
calculated by the enrichment of orally administered and in-
travenously injected cholesterol tracers. Isotope enrichment
in the cholesterol pool following an oral dose of single-iso-
tope-labeled cholesterol is believed to be indicative of the
cholesterol absorption rate (18). However, the relationship
between the isotope enrichment of plasma free cholesterol
following an oral dose of single-isotope-labeled cholesterol
and cholesterol absorption remains to be established as a non-
invasive method to compare relative changes in cholesterol
absorption. It was hypothesized that the area under the iso-
tope enrichment curve, or the average isotope enrichment, in
the plasma free-cholesterol pool following an oral dose of sin-
gle-isotope-labeled cholesterol tracer correlates with the cho-
lesterol absorption rate. The objective of the current study
was to devise a method that would simplify the process of
measuring cholesterol absorption in humans.

MATERIALS AND METHODS

Study protocols. Data from two published studies (14,15) were
analyzed for the correlations between the area under the curve
of a single-isotope enrichment and the cholesterol absorption
rate, as measured by PDSIRM. Correlations between the mea-
sured cholesterol absorption rate and the average enrichment
of the single isotope were also conducted. Experimental ap-
proaches to determine cholesterol absorption were identical be-
tween the two studies. Study 1 involved 15 otherwise healthy
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hypercholesterolemic subjects (9 male, 6 female; 35–58 yr)
who had plasma total cholesterol concentrations in the range
of 5.2–9.0 mmol/L and TAG concentrations <3.5 mmol/L.
Subjects completed each of four dietary treatments in a ran-
domized crossover double-blind design. The four diets were
comprised of solid foods typical of those consumed in North
America, and contained 1.8 g/d of cornstarch (control), plant
sterols, plant stanols, and a 50:50 mixture of sterols and
stanols, respectively. Cholesterol concentrations of the diets
were not measured but were calculated to provide approxi-
mately 300 mg cholesterol/d, i.e., within the range of typical
North American diets. Each treatment phase consisted of a
21-d feeding period and was separated by a 4-wk washout.
Ninety-six hours before the end of each phase, a baseline
blood sample was drawn prior to subjects receiving an intra-
venous injection of 15 mg D7-cholesterol and a 75-mg oral
dose of 13C-cholesterol (CDN Isotopes, Pointe-Claire, Que-
bec, Canada). 

Study 2 contained 15 healthy hyperlipidemic males (37–61
yr) who had fasting plasma total cholesterol concentrations in
the range of 6.0–10.0 mmol/L and TAG concentrations <3.0
mmol/L. Using a randomized crossover double-blind design,
subjects were assigned to one of three typical North Ameri-
can solid-food diets that contained margarine alone, mar-
garine with 8% (w/w based on free sterol content) plant sterol
esters, and 8% (w/w based on free stanol content) plant stanol
esters, respectively. Cholesterol concentrations of the diets
were calculated to provide approximately 300 mg choles-
terol/d. Each dietary phase consisted of 21 feeding days fol-
lowed by a 5-wk washout. Ninety-six hours before the end of
each phase, subjects were intravenously injected with 15 mg
of D7-cholesterol and simultaneously ingested 90 mg of 13C-
cholesterol. 

Determination of cholesterol absorption. Cholesterol absorp-
tion was determined in both studies using PDSIRM following
the procedure of Bosner et al. (11). Briefly, lipids were extracted
from red blood cells in duplicate using a modified Folch extrac-
tion procedure (19). Free cholesterol was purified by TLC and
transferred into combustion tubes each containing 0.5 g cupric
oxide, and sealed under vacuum. After combustion at 520°C for
4 h, 13C-enriched CO2 was vacuum-distilled into sealed tubes;
D-enriched water was transferred under vacuum into tubes con-
taining 0.06 g zinc. Tubes containing water and zinc were re-
duced to D-enriched H2 gas by combusting at 520°C for 30 min.
The 13C-enrichment in CO2 and D-enrichment in H2 gas were
measured by differential isotope ratio MS (IRMS). Enrichments
were expressed relative to the Pee Dee belemnite (PDB) lime-
stone standard of the National Bureau of Standards) (NBS). 

The ratio of ingested 13C-cholesterol to injected D7-cho-
lesterol enrichment relative to baseline samples (t = 0) in the
plasma free cholesterol after 48 and 72 h was taken as an in-
dicator of the cholesterol absorption rate:

absorption (pool/pool) =

∆13C × 7 × 27 × i.v. dose of D7-cholesterol × 0.0112
∆D × 2 × 46 × i.g. dose of 13C-cholesterol × 0.000155       

[1]

where ∆ (‰) for 13C and D is the difference between the en-
riched sample at 48 or 72 h and the baseline abundance (at t =
0) in parts per thousand relative to PDB and Standard Mean
Ocean Water (SMOW) standards, respectively. The factors
7:46 and 2:27 reflect the ratios of labeled to unlabeled hydro-
gen and carbon atoms in the cholesterol tracers, respectively.
The constants 0.0112 and 0.000155 represent factors convert-
ing the parts-per-thousand units to the equivalent atom per-
cent excess for the PDB and SMOW scales, respectively.

Correlation analysis. The average 13C-enrichment and area
under the curve of 13C-enrichment in plasma free cholesterol
during a 24–96 h period following the oral dose of 13C-choles-
terol were calculated for each subject during each phase. Data
from the four treatments in study 1 and the three treatments in
study 2 were pooled, respectively. The correlations among cho-
lesterol absorption as measured by PDSIRM, the area under the
13C-enrichment curve, and the average 13C-enrichment were
analyzed using Pearson correlations. The same method also
was used to analyze the relationship between the area under the
13C-enrichment curve and the average 13C-enrichment in plasma
free cholesterol during a 24–96 h period after an oral dose of
13C-cholesterol. Separate analyses were performed for each
study.

RESULTS 

Study 1. The correlation between the measured cholesterol ab-
sorption rate and the area under the curve of 13C-enrichment is
presented in Figure 1. The correlation between the measured
cholesterol absorption rate and the average 13C-enrichment in
the plasma free-cholesterol fraction is presented in Figure 2. We
found that the area under the curve of 13C-enrichment in plasma
free cholesterol over a 24–96 h period following an oral dose of
13C-cholesterol was correlated (r = 0.85, P < 0.0001) with the
cholesterol absorption rate as measured by PDSIRM. Similarly,
the average 13C-enrichment in plasma free cholesterol was also
correlated (r = 0.88, P < 0.0001) with the measured cholesterol
absorption rate. A correlation was observed between the area
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FIG. 1. Relationship between the area under the curve of 13C-enrich-
ment in the cholesterol pool [per thousand atom excess (per mil) × h]
and the cholesterol absorption rate (pool/pool) measured using the
plasma dual stable-isotope ratio method in study 1. Data were analyzed
using a Pearson correlation.
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under the curve of 13C-enrichment and the average 13C-
enrichment in the plasma free-cholesterol pool after an oral
dose of 13C-cholesterol (Fig. 3). The correlation coefficient
was 0.99 (P < 0.0001).

Study 2. Identical analyses were performed for the data in
study 2. As shown in Figure 4, the area under the curve of
13C-enrichment in plasma free cholesterol during a period of
24–96 h following an oral dose of 13C-cholesterol was corre-
lated (r = 0.82, P < 0.0001) with the cholesterol absorption
rate as measured by PDSIRM. The average 13C-enrichment
in plasma was also correlated (r = 0.81, P < 0.0001) with the
measured cholesterol absorption rate (Fig. 5). The area under
the curve of 13C-enrichment was significantly correlated with
the average 13C-enrichment in the plasma free-cholesterol
pool after an oral dose of 13C-cholesterol (Fig. 6), with a cor-
relation coefficient of 1.00 (P < 0.0001).  

DISCUSSION

PDSRIM has been used over the years to measure the choles-
terol absorption rate. However, the high cost and ethical consid-
erations of this technique limit its use in human studies. It is very
important to devise a less expensive and noninvasive alternative

to PDSRIM to compare the changes in cholesterol absorption.
Results of the present study suggest that either the area under
the 13C-enrichment curve or the average 13C-enrichment during
a 24–96-h period following oral 13C-cholesterol administration
could be used as a reliable index to compare the differences or
changes in cholesterol absorption.

The average 13C-enrichment was found to be correlated
with the area under the curve of 13C-enrichment in a 4-d pe-
riod following the oral dose of 13C-cholesterol, so it was not
surprising that the average 13C-enrichment also showed a sig-
nificant correlation with cholesterol absorption measured by
PDSIRM, as did the area under the curve of 13C-enrichment.
Integration of the area under the curve of 13C-enrichment is
more complicated than calculating the average 13C-enrich-
ment with the use of an integrating program. For example, if
statistical software is chosen to integrate the area under the
enrichment curve, understanding the integration procedure
and the related commands is essential to complete this task.
For this reason, calculating the average 13C-enrichment has
advantages over calculating the area under the curve of 13C-
enrichment for comparing relative changes in the cholesterol
absorption rate.
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r = 0.8766, P < 0.0001

Average 13C-enrichment (per mil)

FIG. 3. Correlation between the average 13C-enrichment (per mil) and
the area under the curve of 13C-enrichment of plasma free cholesterol (per
mil × h) in study 1. Data were analyzed using a Pearson correlation.
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FIG. 5. Relationship between the average 13C-enrichment in the cho-
lesterol pool (per mil) and cholesterol absorption as measured using the
plasma dual stable-isotope ratio method in study 2. Data were analyzed
using a Pearson correlation.
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FIG. 4. Relationship between the area under the curve of 13C-enrichment
in the plasma cholesterol pool (per mil × h) and the cholesterol absorption
rate (pool/pool) as measured using the plasma dual stable-isotope ratio
method in study 2. Data were analyzed using a Pearson correlation.

FIG. 2. Relationship between the average 13C-enrichment in the cho-
lesterol pool (per mil) and cholesterol absorption as measured using the
plasma dual stable-isotope ratio method in study 1. Data were analyzed
using a correlation.



It is well-documented that intestinal cholesterol absorption
is a major determinant of whole-body cholesterol homeosta-
sis and plasma LDL cholesterol levels (2,3,20–22), particu-
larly in Western populations that consume significant quanti-
ties of cholesterol. Despite the extensive body of literature,
important questions remain regarding the measurement of
human cholesterol absorption. These shortcomings in our un-
derstanding of cholesterol metabolism are, at least in part, due
to methodological limitations (11). As such, investigators
have developed a wide range of isotope tracer methods to
study cholesterol absorption (10,23). However, the methods
that were developed initially relied on radioisotope tracers,
thus limiting their application in human studies. Bosner et al.
(11) developed a method that applied stable isotope tech-
niques and MS, and this method was widely used in later
studies that investigated the cholesterol absorption rate
(14,15,24,25). Although this technique measures cholesterol
absorption with good precision and accuracy, it involves both
oral administration and intravenous injection of labeled cho-
lesterol. Thus, the use of this technique is limited by the high
cost and ethical considerations.

Many studies have measured the cholesterol absorption rate
to compare treatment effects on the efficiency of dietary choles-
terol absorption in the intestine (11,14,15,24,25). In these stud-
ies, the contribution of absorbed cholesterol from dietary
sources to the body’s cholesterol pool has not been calculated.
In fact, most studies have compared the effects of dietary treat-
ment(s) on cholesterol absorption instead of the exact propor-
tion of absorbed cholesterol that contributes to the body’s cho-
lesterol pool. In these kinds of investigations, either the average
enrichment or the area under the enrichment curve of a single
stable isotope in a 4-d period following an oral dose of the sin-
gle-isotope-labeled cholesterol tracer can be used as a reliable
method to achieve the goals of these experiments.

It is evident that the single-isotope-labeled cholesterol tracer
method also has limitations in its application. After absorption,
the concentration of cholesterol tracer is quickly diluted as it

mixes with the body’s cholesterol pool. Given an amount of
absorbed isotope-labeled cholesterol, the body’s cholesterol
pool size becomes a key factor that affects the tracer concen-
tration, i.e., a larger cholesterol pool makes the tracer concen-
tration lower, and vice versa. Therefore, the use of a single-sta-
ble-isotope cholesterol tracer method to compare cholesterol
absorption is based on the assumption that subjects in each
treatment have the same cholesterol pool size or baseline. For
a crossover design with a washout period, the same subjects
go through each treatment. The cholesterol pool size of each
subject is assumed to have returned to the initial baseline
before commencing the next treatment. Therefore, a single-
stable-isotope cholesterol tracer is a reliable indictor to com-
pare the changes caused by different treatments in a crossover
design. For a parallel-arm study design, the single-isotope-
labeled cholesterol tracer method may be less sensitive
because subjects have different body cholesterol pool sizes,
although the groups were adjusted by complete randomiza-
tion of subjects to have no significant difference in their cho-
lesterol pool sizes before receiving different treatments. For
this type of study, influence of the body’s cholesterol pool size
on the accuracy of measurements of the single-stable-isotope
cholesterol tracer can be minimized by including the initial
cholesterol pool size as a covariant.  

If enrichment of the single-isotope cholesterol tracer is
used to calculate the percent cholesterol absorption rate,
many assumptions have to be made that reduce data reliabil-
ity and compatibility. These assumptions include the follow-
ing: (i) that absorbed cholesterol tracers are entirely incorpo-
rated into the body’s cholesterol pool; (ii) that the absorbed
cholesterol tracers are completely equilibrated in the choles-
terol pool; (iii) that the cholesterol pool is measured accu-
rately; and (iv) that no significant amount of cholesterol trac-
ers has decayed or cleared out of the cholesterol pool over a
period of 24–96 h after oral administration. Therefore, the au-
thors consider it better to use 13C-enrichment to compare dif-
ferences in cholesterol absorption between treatments or
treatment effects relative to a control.

In summary, the area under the 13C-enrichment curve or
the average 13C-enrichment is significantly correlated with
the cholesterol absorption rate as measured by PDSIRM. It is
suggested that either average 13C-enrichment or the area
under the curve of 13C-enrichment can be used as an index of
cholesterol absorption. The single-stable-isotope cholesterol
tracer method has advantages over PDSIRM, as it is simpler,
noninvasive, and less expensive. However, this method can
be used only to compare the changes in cholesterol absorp-
tion. When measurement of the absolute cholesterol absorp-
tion rate becomes essential, PDSIRM should be used.
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FIG. 6.  Correlation between the average 13C-enrichment (per mil) and
the area under the curve of 13C-enrichment in the plasma free-choles-
terol pool (per mil × h) in study 2. Data were analyzed using a Pearson
correlation.



REFERENCES

1. Grundy, S.M. (1983) Absorption and Metabolism of Dietary
Cholesterol, Annu. Rev. Nutr. 3, 71–96.

2. Wilson, M.D., and Rudel, L.L. (1994) Review of Cholesterol
Absorption with Emphasis on Dietary and Biliary Cholesterol,
J. Lipid Res. 35, 943–955.

3. Carter, D., Howlett, H.C., Wiernsperger, N.F., and Bailey, C.J.
(2003) Differential Effects of Metformin on Bile Salt Absorption
from the Jejunum and Ileum, Diabetes Obes. Metab. 5, 120–125. 

4. Lutjohann, D., Meese, C.O., Crouse, J.R., and von Bergmann,
K. (1993) Evaluation of Deuterated Cholesterol and Deuterated
Sitostanol for Measurement of Cholesterol Absorption in Hu-
mans, J. Lipid Res. 34, 1039–1046. 

5. Pouteau, E., Piguet-Welsch, C., Berger, A., and Fay, L.B. (2003)
Determination of Cholesterol Absorption in Humans: From Radio-
label to Stable Isotope Studies, Isotopes Environ. Health Stud. 39,
247–257. 

6. Zilversmit, D.B. (1972) A Single Blood Sample Dual Isotope
Method for the Measurement of Cholesterol Absorption in Rats,
Proc. Soc. Exp. Biol. Med. 140, 862–865.

7. Wang, D.Q., Lammert, F., Cohen, D.E., Paigen, B., and Carey,
M.C. (1999) Cholic Acid Aids Absorption, Biliary Secretion,
and Phase Transitions of Cholesterol in Murine Cholelithogene-
sis, Am. J. Physiol. 276, G751–G760. 

8. Wang, D.Q., Paigen, B., and Carey, M.C. (2001) Genetic Fac-
tors at the Enterocyte Level Account for Variations in Intestinal
Cholesterol Absorption Efficiency Among Inbred Strains of
Mice, J. Lipid Res. 42, 1820–1830. 

9. Borgstrom, B. (1968) Quantitative Aspects of the Intestinal Ab-
sorption and Metabolism of Cholesterol and β-Sitosterol in the
Rat, J. Lipid Res. 9, 473–481.

10. Grundy, S.M., and Ahrens, E.H., Jr. (1969) Measurements of
Cholesterol Turnover, Synthesis, and Absorption in Man, Car-
ried Out by Isotope Kinetic and Sterol Balance Methods, J.
Lipid Res. 10, 91–107.

11. Bosner, M.S., Ostlund, R.E., Jr., Osofisan, O., Grosklos, J.,
Fritschle, C., and Lange, L.G. (1993) Assessment of Percent
Cholesterol Absorption in Humans with Stable Isotopes, J. Lipid
Res. 34, 1047–1053.

12. Harris, W.S., Windsor, S.L., Newton, F.A., and Gelfand, R.A.
(1997) Inhibition of Cholesterol Absorption with CP-148,623
Lowers Serum Cholesterol in Humans, Clin. Pharmacol. Ther.
61, 385–389. 

13. Ntanios, F.Y., and Jones, P.J. (1999) Dietary Sitostanol Recip-
rocally Influences Cholesterol Absorption and Biosynthesis in
Hamsters and Rabbits, Atherosclerosis 143, 341–351.

14. Jones, P.J., Raeini-Sarjaz, M., Ntanios, F.Y., Vanstone, C.A.,
Feng, J.Y., and Parsons, W.E. (2000) Modulation of Plasma

Lipid Levels and Cholesterol Kinetics by Phytosterol Versus
Phytostanol Esters, J. Lipid Res. 41, 697–705.

15. Vanstone, C.A., Raeini-Sarjaz, M., Parsons, W.E., and Jones,
P.J.( 2002) Unesterified Plant Sterols and Stanols Lower LDL-
Cholesterol Concentrations Equivalently in Hypercholes-
terolemic Persons, Am. J. Clin. Nutr. 76, 1272–1278.

16. Woollett, L.A., Buckley, D.D., Yao, L., Jones, P.J., Granholm,
N.A., Tolley, E.A., and Heubi, J.E. (2003) Effect of Ursodeoxy-
cholic Acid on Cholesterol Absorption and Metabolism in Hu-
mans, J. Lipid Res. 44, 935–942. 

17. Pouteau, E.B., Monnard, I.E., Piguet-Welsch, C., Groux, M.J.,
Sagalowicz, L., and Berger, A. (2003) Non-esterified Plant
Sterols Solubilized in Low Fat Milks Inhibit Cholesterol Ab-
sorption: A Stable Isotope Double-Blind Crossover Study, Eur.
J. Nutr. 42, 154–164.

18. Ostlund, R.E., Jr., Spilburg, C.A., and Stenson, W.F. (1999)
Sitostanol Administered in Lecithin Micelles Potently Reduces
Cholesterol Absorption in Human Subjects, Am. J. Clin. Nutr.
70, 826–831.

19. Folch, J., Lees, M., and Sloane Stanley, G.H. (1957) A Simple
Method for the Isolation and Purification of Total Lipids from
Animal Tissues, J. Biol. Chem. 226, 497–509.

20. Dietschy, J.M., Turley, S.D., and Spady, D.K. (1993) Role of
Liver in the Maintenance of Cholesterol and Low Density
Lipoprotein Homeostasis in Different Animal Species, Includ-
ing Humans, J. Lipid Res. 34, 1637–1659.

21. Rudel, L., Deckelman, C., Wilson, M., Scobey, M., and Ander-
son, R. (1994) Dietary Cholesterol and Downregulation of Cho-
lesterol 7 α-Hydroxylase and Cholesterol Absorption in African
Green Monkeys, J. Clin. Invest. 93, 2463–2472.

22. Gylling, H., and Miettinen, T.A. (1995) The Effect of Choles-
terol Absorption Inhibition on Low Density Lipoprotein Cho-
lesterol Level, Atherosclerosis 117, 305–308.

23. Quarfordt, S.H. (1977) Methods for the in vivo Estimation of
Human Cholesterol Dynamics, Am. J. Clin. Nutr. 30, 967–974.

24. Bosner, M.S., Lange, L.G., Stenson, W.F., and Ostlund, R.E.,
Jr. (1999) Percent Cholesterol Absorption in Normal Women
and Men Quantified with Dual Stable Isotopic Tracers and Neg-
ative Ion Mass Spectrometry, J. Lipid Res. 40, 302–308.

25. Gremaud, G., Dalan, E., Piguet, C., Baumgartner, M., Ballabeni,
P., Decarli, B., Leser, M.E., Berger, A., and Fay, L.B. (2002)
Effects of Non-esterified Stanols in a Liquid Emulsion on Cho-
lesterol Absorption and Synthesis in Hypercholesterolemic
Men, Eur. J. Nutr. 41, 54–60.

[Received August 22, 2003; accepted December 18, 2003]

METHOD 91

Lipids, Vol. 39, no. 1 (2004)



ABSTRACT: We identified and quantified the hydroperoxides,
hydroxides, epoxides, isoprostanes, and core aldehydes of the
major phospholipids as the main components of the oxophos-
pholipids (a total of 5–25 pmol/µmol phosphatidylcholine) in a
comparative study of human atheroma from selected stages of
lesion development. The developmental stages examined in-
cluded fatty streak, fibrous plaque, necrotic core, and calcified
tissue. The lipid analyses were performed by normal-phase
HPLC with on-line electrospray MS using conventional total
lipid extracts. There was great variability in the proportions of
the various oxidation products and a lack of a general trend.
Specifically, the early oxidation products (hydroperoxides and
epoxides) of the glycerophosphocholines were found at the ad-
vanced stages of the plaques in nearly the same relative abun-
dance as the more advanced oxidation products (core alde-
hydes and acids). The anticipated linear accumulation of the
more stable oxidation products with progressive development
of the atherosclerotic plaque was not apparent. It is therefore
suggested that lipid infiltration and/or local peroxidation is a
continuous process characterized by the formation and destruc-
tion of both early and advanced products of lipid oxidation at
all times. The process of lipid deposition appears to have been
subject to both enzymatic and chemical modification of the
normal tissue lipids. Clearly, the appearance of new and dis-
proportionate old lipid species excludes randomness in any ac-
cumulation of oxidized LDL lipids in atheroma.

Paper no. L9428 in Lipids 39, 97–109 (February 2004).

Oxidative modification of LDL is now recognized as a neces-
sary condition for foam-cell formation. Oxidized LDL, in
contrast to native LDL, is taken up avidly by macrophages,
which can cause foam-cell formation and eventual develop-
ment of atherosclerosis. Although a great variety of oxidized
LDL components have been identified, only a few have been

recovered from atheroma. In most instances, the isolations
from atheroma have been confined to the neutral lipids, oxo-
cholesterol and oxidized cholesteryl esters, the concentration
of which has been shown to increase dramatically with pro-
gressive atherosclerotic disease (1–3). Hoppe et al. (4)
showed that oxidation products of cholesteryl linoleate are re-
sistant to hydrolysis by macrophages, whereas Huber et al.
(5) showed that oxidation products of cholesteryl linoleate
(cholesteryl [9-oxo]linoleate and hydroperoxylinoleate) stim-
ulate human umbilical vein endothelial cells to specifically
bind human peripheral blood mononuclear cells.

Other studies have recognized both isoprostanes (6,7) and
hydroxides (8–11) of FA released by saponification from oxi-
dized phospholipids of atherosclerotic plaques. The estimates
of the hydroperoxides were found to exceed those of the iso-
prostanes by more than 20 times.

In parallel, a degradation of the PUFA in the sn-2-position
of phosphatidylcholine (PtdCho) by oxidation has been rec-
ognized as essential for binding oxidized LDL to macrophage
scavenger receptors, indicating that oxidized phosholipids are
involved in the initial binding process (12–16). The reactive
oxidation products derived from phospholipids, such as the
core aldehydes, can form covalent adducts with apolipopro-
tein B. These adducts retain the intact phosphorylcholine
headgroup (17,18) and have been demonstrated by immuno-
histochemical methods to accumulate in atherosclerotic le-
sions (18). The oxidized PtdCho-containing phospholipid ap-
pears to be an immunodominant epitope (19–21). Steinberg
(22) has suggested that oxidized phospholipids could be the
missing initiating factor(s) in atherosclerosis. Uchida (23) has
discussed the role of reactive low-M.W. aldehydes in cardio-
vascular diseases, although little is known about the effects
of oxidative stress on the development of atherosclerosis.

Although the presence of oxo-PtdCho in atherosclerotic le-
sions has been demonstrated previously (16,24–26), no com-
parative investigation has been reported on the composition of
the native and oxophospholipids at different stages of devel-
opment of atherosclerosis. By means of normal-phase liquid
chromatography/electrospray ionization-mass spectrometry
(LC/ESI-MS), we have tentatively identified and quantified
the hydroperoxides, hydroxides, epoxides, isoprostanes, and
core aldehydes bound to the common phospholipids as the
major components of the oxophospholipids. Oxidation prod-
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ucts from both early and late stages of lipid oxidation were
found at all stages of development of the plaque.

MATERIALS AND METHODS

Reference and internal standards. Reference hydroperoxides,
epoxides, isoprostanes, and core aldehydes of PtdCho were
prepared in the laboratory by treatment of 18:0/20:4 glyc-
erophosphocholine (GroPCho) with tert-butyl hydroperoxide
as described previously (27). The oxo derivatives of phos-
phatidylinositol (PtdIns) were prepared by autoxidation as de-
scribed by Ravandi and Kuksis (24). Other common glyc-
erophospholipid and sphingomyelin (SM) standards were
available in the laboratory from previous studies (28).

Source of tissues. Sections of aortic tissue and atheromas
were collected from a total of 21 patients undergoing elective
aortic grafting or heart transplant surgery. A total of 15 aortic
sections were cleaned under a dissection microscope, excised,
and placed immediately in cold buffer containing one pro-
tease inhibitor tablet/150 mL, 0.008% gentamycin, and
0.008% chloramphenicol (for biochemistry) or buffer con-
taining 4% formaldehyde (for histological classification).
These preparations were classified as fatty streaks (three sam-
ples), fibrous plaques, necrotic cores, and calcified or ulcer-
ated lesions (four samples each). The other six samples repre-
sented mature atheromas (necrotic cores and calcified le-
sions), which were cleaned of all extraneous fat and were
extracted as below.

Preparation of aortic homogenates. The atherosclerotic le-
sions, including those from postmortem tissues, were thawed,
blotted dry, weighed individually, frozen in liquid nitrogen,
and powdered in a mortar. The fine tissue powder was sus-
pended in 2 mL of cold buffer, homogenized, and extracted
(29) with chloroform/methanol (2:1, vol/vol) following addi-
tion (10% of total phospholipid) of an internal standard
(15:0/15:0 GroPCho). The extraction utilized 10 mL chloro-
form/methanol per 0.5 g tissue as described by Piotrowski et
al. (30). Other samples reconstituted to 10 mL of chloro-
form/methanol per 0.5 g of tissue were diluted with the inter-
nal standard just before LC/ESI-MS analyses.

Another six human coronary artery/aorta samples (0.4 to
0.95 g) were extracted under nitrogen with chloroform/meth-
anol 1:1 (vol/vol) according to Bligh and Dyer (31) or chlo-
roform/methanol 1:1 (vol/vol) containing 2,4-dinitrophenyl-
hydrazine in order to trap any core aldehydes as the dinitro-
phenylhydrazones (DNPH) (32). The chloroform contained
40 µM BHT. After phospholipase C digestion, the DNPH de-
rivatives were analyzed by HPLC with on-line ESI-MS.

Quantification of total atheroma lipids by high-tempera-
ture GLC. Total lipid profiles of mature human atheroma ex-
tracts following dephosphorylation with phospholipase C and
trimethylsilylation were determined by high-temperature
nonpolar capillary GLC using tridecanoylglycerol as internal
standard (24,33).

LC-MS. The LC/ESI-MS analysis was performed using a
normal-phase silica column (250 × 4.6 mm i.d.; Alltech Asso-

ciates, Deerfield, IL), in a Hewlett-Packard Model 1060 liquid
chromatograph connected to a Hewlett-Packard Model 5989B
quadrupole mass spectrometer, equipped with a nebulizer-as-
sisted ESI interface (HP 59987A; Hewlett-Packard, Palo Alto,
CA) (24,27,28). The column was eluted with a linear gradient
of 100% A (chloroform/methanol/30% ammonium hydrox-
ide 80:19.5:0.5, by vol) for 26 min, followed by 100% B
(chloroform/methanol/water/30% ammonium hydroxide,
60:34:5.5:0.5, by vol) for 19 min. The retention time for Ptd-
Cho was determined using standard 16:0/20:4 GroPCho. The
capillary exit voltage was set at 150 V, with an electron multi-
plier at 1795 V. For fragmentation the exit voltage was raised
to 300 V and the sample was reinjected into the LC/ESI-MS
system (pseudo-MS/MS). All the major fragment ions de-
tected in the negative and positive ion mode can be assigned
to the plausible cleavage products, including DAG and FA
(34). Positive and negative ESI spectra were usually recorded
in the mass range 400–1100, but lower mass ranges needed to
be used for scanning for FA and nitrogenous bases. The
masses given in the figures are nominal masses + 1 [M + 1]+

(positive ion mode), or nominal masses −1 [M − 1]− (negative
ion mode) ions. The molecular species of phospholipid
classes, along with their oxidation transformation products,
were determined on basis of the HPLC retention time, the
molecular mass provided by ESI-MS, and the knowledge of
the FA composition of each lipid class and the chemical deriv-
ative (DNPH) of molecular species. The ions were identified
by reference to the retention times of reference standards ana-
lyzed under similar conditions by means of single-ion mass
chromatograms. The presence of the major oxolipids was also
confirmed by pseudo-MS/MS by increasing the capillary exit
voltage from 150 to 300 V and reinjecting the sample.

RESULTS

Total phospholipids. A determination of the total lipid pro-
files of mature human atherosclerotic lesions showed that the
total phospholipids, estimated as the sum of the monoradyl-
glycerols and diradylglycerols derived from lysophos-
phatidylcholine (lysoPtdCho) and PtdCho, respectively, and
the ceramides derived from SM, made up only 10–20% of the
total atheroma lipids, the bulk of the lipids being contributed
by free cholesterol and cholesteryl esters (33).

Table 1 gives the total and individual lipid class contents
of the fatty streaks (three aortas), fibrous plaques (four aor-
tas), necrotic cores (four aortas), and calcified tissues (four
aortas). The total PtdCho was estimated by summing the in-
dividual molecular species in relation to the internal standard
(15:0/15:0 GroPCho). The PtdCho value was related to that
of lysoPtdCho, SM, and phosphatidylethanolamine (PtdEtn)
using appropriate correction factors in the positive ion mode.
The knowledge of PtdEtn content was used as a reference for
obtaining the content of PtdIns and phosphatidylserine
(PtdSer) in the negative ion mode. Table 1 shows that PtdCho
remained as a major lipid component of the atherosclerotic
lesion throughout its development and despite a nearly five-
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fold increase in total phospholipids. The proportion of Ptd-
Cho plus lysoPtdCho remained relatively constant, whereas
that of the other glycerophospholipids decreased and that of
SM increased two- to threefold. The relative proportion of 
PtdCho decreased, whereas that of lysoPtdCho increased two-
to threefold with the maturation of the plaque. In previous
analyses of the plaques, Piotrowski et al. (35) estimated the
lysoPtdCho as 17% of the PtdCho, but the FA composition of
the lysoPtdCho was not determined. Since lysoPtdEtn and
lysoPtdIns were not recovered, it was not established whether
the relative decreases in PtdEtn and PtdIns were due to sim-
ple hydrolysis to the corresponding lyso compounds.

Molecular species of PtdCho. Figure 1 shows the total ion
current profile of choline-containing phospholipids of mature
atheroma (A) and full mass spectra recorded over the PtdCho
(B), SM (C), and lysoPtdCho (D) elution ranges of the chro-
matogram. The major peaks identified are listed in Tables
2–4. The major PtdCho ions recorded for the necrotic core
(14.370–16.353 min, Fig. 1B) ranged in mass from m/z 686
to m/z 811, with smaller intensities seen at m/z 707, 733, 747,
795, 813, and 835. Table 2 lists the molecular species of the
diradyl GroPCho corresponding to the major abundances seen
in the mass spectra for the different atherosclerotic aorta
preparations. In the fatty streak, the major molecular species
were: 36:4 (12%), representing mainly 16:0/20:4; 36:2 (10%),
mainly 18:0/18:2; 34:1 (10%), mainly 16:0/18:1; 38:4 (9%),
mainly 18:0/20:4; 32:0 (9%), mainly 16:0/16:0; and 34:2
(6%), mainly16:0/18:2 GroPCho. About 4% of the total was
contributed by 38:4pls (where -pls indicates alkenyl), mainly
1-alkenyl/20:4 GroPCho. There were variable amounts of
many minor species, the estimated SD of which approached
their means. Only limited changes in the proportions of the
major molecular species were found, but some might ap-
proach statistical significance when examined in a larger pop-
ulation. The greatest differences were seen between the fatty
streak and the calcified tissue. Thus, the proportions of
16:0/18:2, 16:0/18:1, and 18:1/18:3 GroPCho increased from
6, 10, and 3% in the fatty streak to 12, 14, and 6%, respec-
tively, in the calcified tissue, whereas the 16:0/16:0,
16:0/20:0, and 18:0pls/20:4 GroPCho decreased from 9, l2,
and 4% in the fatty streak to 6, 9, and 2%, respectively, in the
calcified tissue. The molecular species of the GroPCho in the

fibrous plaque and necrotic core showed alterations between
the just-mentioned extremes. There was a small decrease in
some of the polyunsaturated species as samples progressed
from the fatty streak to the necrotic core and the calcified tis-
sues, and in comparison with the PtdCho of plasma LDL
lipoproteins reported elsewhere (24).

Molecular species of SM. The total mass spectra recorded
over the SM elution times for the necrotic core
(16.767–19.962 min, Fig. 1C) ranged in mass from m/z 676
to 816, with smaller intensities seen at m/z 690, 752, 754, and
802, which corresponded rather closely to those of the nor-
mal LDL and normal aorta (24). Table 3 gives the composi-
tion of the molecular species of the SM, which also changed
relatively little over the course of the development of the ath-
erosclerotic plaque. In the fatty streak, the major SM species
were 34:1 (41%), representing mainly d18:1/16:0 (where d-
indicates that the fatty acid shown by the carbon:double bond
number is a sphingosine homolog); 42:2 (9%), mainly
d18:1/24:1; 36:1 (7%), mainly d18:1/18:0; 38:1 (5%), mainly
d18:1/20:0; 40:1 (5%), mainly d18:1/22:0; and 32:1 (4%),
mainly d16:1/16:0. The main differences were seen between
the fatty streak and the calcified plaque. Thus, the proportions
of d18:1/16:0, d18:1/18:0, d18:1/20:0, and d18:1/24:0 de-
creased from 41, 7, 3, and 5% in the fatty streak to 38, 4, 3,
and 3%, respectively, in the calcified tissue, whereas those of
d16:1/16:0 and d18:1/24:1 increased from 4 and 9%, respec-
tively, in the fatty streak to 6 and 13%, respectively, in the
calcified tissue. Two masses (m/z 689 and 725) making up 0
to 7.5% of the total SM of some of the extracts remained
unidentified. A clear trend toward longer or more saturated
species therefore was not seen with maturation of the plaque.

Molecular species of lysoPtdCho. The total mass spectra
recorded over the lysoPtdCho elution times for the necrotic
core (20.304–23.900 min, Fig. 1D) ranged in mass from m/z
495 to 569, with smaller intensities seen at m/z 483, 503, 507,
509, 525, and 571. The major species corresponded qualita-
tively to those of the normal LDL (24). Table 4 gives the com-
position of the molecular species of lysoPtdCho quantified
over the course of the development of the plaque. In the fatty
streak, the major species were: 16:0 (23%), 20:4 (21%), 18:1
(11%), 18:3 (10%), 18:2 (9%), 18:0 (6%), and 20:3 (4%). The
proportions of 16:0, 18:2, 18:0, and 20:3 increased from 23,
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TABLE 1
Phospholipid Class Composition of Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Lipid classb Normal intima (n = 3) Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

PtdCho 43.84 ± 4.56 35.24 ± 6.02 33.75 ± 5.31 34.88 ± 8.09 46.08 ± 1.41
SM 12.41 ± 3.47 16.61 ± 2.12 16.61 ± 2.06 27.93 ± 10.06 32.79 ± 4.59
LysoPtdCho 6.08 ± 2.22 10.74 ± 3.96 16.19 ± 3.69 16.32 ± 3.40 11.80 ± 3.32
PtdEtn 17.77 ± 4.9 13.09 ± 3.54 20.04 ± 6.87 8.99 ± 9.99 4.08 ± 1.72
PtdIns 19.92 ± 5.28 24.32 ± 5.52 11.40 ± 2.90 11.89 ± 2.13 5.25 ± 3.54
PtdSer Trace ND ND ND ND
Totalc 100 100 97.99 100 100
aData are shown as mean ± SD.
bPtdCho, phosphatidycholine; SM, sphingomyelin; lysoPtdCho, lysophosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdIns, phosphatidylinositol.
ND, not determined; each sample was analyzed in triplicate.
cThe total phospholipid contents of the fatty streak, fibrous plaque, necrotic core, and calcified tissue were estimated to average 10–20 mg/g of tissue com-
pared with 4–5 mg/g of normal tissue.



9, 6, and 4%, respectively, in the fatty streak to 25, 11, 11, and
6%, respectively, in the calcified tissue. Surprisingly, the
lysoPtdCho of all the aortic preparations contained up to 30%
polyunsaturated species (e.g., 20:3; 20:4; 20:5; 22:5; 22:6).
The content of the polyunsaturated lysoPtdCho decreased
with the maturation of the aortic plaque but was still high in
the necrotic core and in the calcified plaque. However, nei-
ther the alkyl nor the alkenyl lysoPtdCho appeared to have

accumulated. An ion at m/z 566, corresponding to 1-O-
stearyl-2-acetoyl-GroPCho (platelet-activating factor, PAF)
made up about 6% of the lysoPtdCho fraction of the fatty
streak, fibrous plaque, and necrotic core, but decreased to
about 3% in the calcified tissue.

Molecular species of PtdCho hydroxides, hydroperoxides,
and isoprostanes. The atheroma preparations examined in this
study also revealed the presence of ions at m/z 790, 822, 818,
and 846, corresponding to the hydroperoxide-containing
GroPCho as previously reported for the copper-oxidized Ptd-
Cho of LDL (24). In most samples, ions at m/z 774 (34:2-
OH), 790 (34:2-2 × OH), 802 (36:2-OH), 818 (36:2-2 × OH)
and 814 (36:4-2 × OH) were found to be eluted with retention
times between those of hydroperoxides and the core alde-
hydes and these were attributed to the hydroxides. Figure 2
shows the single-ion mass chromatograms for the major iso-
prostanes derived from the arachidonoyl GroPCho isolated
from the necrotic core of human atheroma. The ions at m/z
828 and 856 were attributed to the 36:4 and 38:4 epoxy iso-
prostanes. The ions at m/z 830 and 858 were attributed to 36:4
and 38:4 E2/D2 isoprostanes derived from arachidonoyl
GroPCho, whereas those at m/z 832 and 860 were attributed
to 36:4 and 38:4 F2 isoprostanes of arachidonoyl GroPCho,
as previously described for the isoprostanes accumulated in
HDL after oxidation with peroxynitrite (36). Figure 3 gives
the isoprostane levels as µg/g of atherosclerotic tissue at dif-
ferent stages of development. Despite marked differences in
the degree of progression of the disease and in the overall
variability of the estimates, the average quantities and pro-
portions of the various species were quite similar.

PtdCho core aldehydes. Figure 4 shows the single-ion
mass chromatograms recorded for the core aldehydes of Ptd-
Cho in the necrotic core of mature atheroma. The ions at m/z
594 and 622 were attributed to the 16:0/5:0ALD (where ALD
is aldehyde) and 18:0/5:0ALD GroPCho, whereas the ions at
m/z 650 and 678 were attributed to 16:0/9:0ALD and
18:0/9:0ALD GroPCho. The core aldehydes migrated on the
HPLC columns with the retention times of synthetic 9:0ALD-
containing standards, but these could have been the isobaric
8:1(OH)ALD described by Hoff et al. (37). These compounds
yielded the same masses for the parent and fragment ions in
ESI-MS in the positive and negative ion modes. Figure 5
gives the levels of PtdCho core aldehydes in atherosclerotic
tissues at different stages of plaque progression. When ex-
pressed as µg/g of tissue, little variation was seen among the
lesions. There was no evidence of progressive accumulation
with severity of the disease. Since more total PtdCho was
found at the later stages of plaque development, the propor-
tion of total aldehydic PtdCho would appear to be decreasing.
Among the core aldehydes of GroPCho we had previously
recognized small amounts of the alkyl derivatives (33), which
were pooled with acyl derivatives in the present study.

Molecular species of acidic phospholipids. Figure 6 shows
the total negative ion profile of the acidic phospholipids of
the necrotic core of human atheroma (A) and the full mass
spectra of PtdEtn (B) and PtdIns (C) as recorded over the
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FIG. 1. Total ion current profile of choline-containing phospholipids of
mature atheroma (A) and full mass spectra of phosphatidylcholine (Ptd-
Cho) (B), sphingomyelin (SM) (C), and lysophosphatidylcholine 
(lysoPtdCho) (D) as recorded over the elution ranges of the chro-
matogram. The major peaks identified are shown in Tables 2–4. Liquid
chromatography/electrospray ionization-mass spectrometry (LC/ESI-MS)
conditions are given in the Materials and Methods section.
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TABLE 2
Molecular Species of PtdCho from Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Molecular speciesb [M + 1]+ Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

30:0 706 1.49 ± 0.74 1.33 ± 1.20 1.57 ± 0.88 0.18 ± 0.23
32:0alk 720 0.43 ± 0.66 0.22 ± 0.24 0.76 ± 0.68 0.02 ± 0.03
32:1 732 1.69 ± 0.25 1.93 ± 0.57 1.68 ± 0.71 0.26 ± 0.44
32:0 734 9.08 ± 3.21 10.58 ± 2.79 9.43 ± 3.11 6.26 ± 1.36
34:0pls 748 0.96 ± 1.32 0.59 ± 0.17 1.14 ± 0.77 0.26 ± 0.06
34:3 756 1.85 ± 0.46 2.06 ± 0.35 1.13 ± 0.36 0.87 ± 0.11
34:2 758 6.07 ± 4.32 8.84 ± 1.05 9.39 ± 1.63 12.32 ± 1.61
34:1 760 9.99 ± 2.62 11.46 ± 1.09 11.98 ± 2.69 14.24 ± 1.97
36:4alk 768 0.62 ± 0.99 1.34 ± 0.63 1.53 ± 0.85 0.46 ± 0.45
36:1pls 774 0.22 ± 0.30 0.03 ± 0.05 0.07 ± 0.10 0.13 ± 0.11
36:5 780 2.37 ± 0.71 2.06 ± 1.14 1.25 ± 0.13 0.99 ± 0.86
36:4 782 11.69 ± 2.75 8.20 ± 0.55 8.92 ± 0.65 9.36 ± 0.59
36:3 784 3.38 ± 0.94 5.63 ± 0.88 5.64 ± 0.95 6.02 ± 0.36
36:2 786 10.54 ± 6.60 8.73 ± 1.26 8.28 ± 2.26 8.64 ± 2.46
36:1 788 2.34 ± 1.25 1.70 ± 0.54 2.34 ± 0.52 2.97 ± 0.34
38:4pls 794 4.34 ± 3.48 3.52 ± 1.07 3.10 ± 1.09 1.55 ± 0.35
38:4alk 796 1.99 ± 1.69 2.14 ± 1.11 1.79 ± 0.73 1.69 ± 0.16
38:7 804 1.60 ± 0.23 0.76 ± 0.74 1.00 ± 0.65 0.57 ± 0.51
38:6 806 2.35 ± 0.88 2.35 ± 0.95 1.53 ± 1.00 1.00 ± 1.21
38:5 808 3.45 ± 2.05 2.88 ± 0.22 2.71 ± 0.79 2.03 ± 0.79
38:4 810 9.00 ± 1.67 8.41 ± 0.73 9.41 ± 0.42 8.73 ± 0.41
38:3 812 1.22 ± 0.87 2.19 ± 1.28 2.28 ± 0.83 1.58 ± 1.60
40:6alk 820 0.21 ± 0.34 0.37 ± 0.49 0.22 ± 0.12 0.07 ± 0.06
40:4alk 824 0.21 ± 0.30 0.08 ± 0.14 0.14 ± 0.16 0.14 ± 0.20
40:7 832 0.94 ± 0.55 1.09 ± 0.41 1.08 ± 0.34 0.58 ± 0.04
40:6 834 1.28 ± 0.95 0.84 ± 0.85 0.55 ± 0.64 0.78 ± 0.83
40:5 836 0.81 ± 1.07 0.23 ± 0.12 0.37 ± 0.41 0.27 ± 0.24
40:4 838 0.85 ± 0.90 0.23 ± 0.25 0.22 ± 0.14 0.17 ± 0.12
Other 9.24 10.21 10.49 17.86
Totalc 100 100 100 100
aData are shown as mean ± SD.
bMolecular species are identified by total fatty carbon number:double bond number; each sample analyzed in triplicate. alk, alkyl; pls, alkenyl; for other ab-
breviation, see Table 1.
cPtdCho contents of the fatty streak, fibrous plaque, necrotic core, and calcified tissue are given in Table 1.

TABLE 3
Molecular Species of SM from Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Molecular speciesb [M + 1]+ Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

32:1 675 3.76 ± 3.48 6.87 ± 1.20 6.08 ± 2.14 6.04 ± 2.25
X 689 0.54 ± 0.47 1.08 ± 0.91 0.74 ± 0.61 2.52 ± 4.62
34:2 701 5.22 ± 2.48 3.57 ± 0.71 3.72 ± 0.08 5.72 ± 3.17
34:1 703 41.09 ± 10.12 34.96 ± 4.52 36.64 ± 4.58 38.45 ± 8.60
34:0 705 2.81 ± 2.13 2.31 ± 1.00 3.13 ± 2.19 1.31 ± 1.32
XX 725 6.88 ± 2.34 9.09 ± 2.80 6.61 ± 2.03 7.50 ± 0.65
36:2 729 1.31 ± 0.71 1.36 ± 0.76 1.05 ± 0.37 1.69 ± 1.25
36:1 731 6.83 ± 4.54 4.85 ± 2.12 4.83 ± 1.98 4.42 ± 2.85
38:3 756 0.18 ± 0.25 0.00 ± 0.00 0.12 ± 0.17 0.09 ± 0.07
38:2 757 0.43 ± 0.28 0.51 ± 0.46 0.27 ± 0.26 0.18 ± 0.13
38:1 759 5.46 ± 8.10 1.86 ± 1.15 1.85 ± 0.81 2.66 ± 2.37
40:2 785 1.03 ± 1.38 1.84 ± 0.77 2.21 ± 0.69 1.60 ± 0.15
40:1 787 4.72 ± 1.45 4.33 ± 1.54 6.90 ± 2.03 5.00 ± 3.69
41:0 803 0.49 ± 0.43 0.98 ± 0.49 0.93 ± 0.71 1.35 ± 1.57
42:4 809 1.33 ± 0.61 0.38 ± 0.41 0.43 ± 0.50 0.06 ± 0.11
42:3 811 3.66 ± 3.42 7.94 ± 0.86 5.76 ± 1.17 3.87 ± 0.87
42:2 813 9.30 ± 1.27 13.10 ± 2.44 13.39 ± 2.60 12.74 ± 4.04
42:1 815 4.94 ± 0.45 4.98 ± 2.93 5.36 ± 0.65 3.29 ± 2.22
Totalc 99.98 100.1 100.2 98.49
aData are shown as mean ± SD.
bMolecular species are identified by total fatty carbon number:number of double bonds; each sample was analyzed in triplicate. X and XX, unidentified; for
other abbreviation see Table 1.
cTotal SM contents of fatty streak, fibrous plaque, necrotic core, and calcified tissue are given in Table 1.



appropriate elution ranges of the chromatogram. The major
ions of PtdEtn and PtdIns were identified in Tables 5 and 6,
respectively. The large unlabeled peaks following PtdIns are
due to the chloride adducts of PtdCho and SM.

The total mass spectra recorded over the elution range of
the ethanolamine phospholipids of the necrotic core (Fig. 6B)
ranged in mass from m/z 716 to 796, with the major species
being due to m/z 744, 766, and 794, which correspond to
18:0/18:2, 18:0/20:4, and 18:0/22.4, respectively. The corre-
sponding alkenylacyl glycerophosphoethanolamine (GroPEtn)
species (16:0/20:4 and 16:0/20:3) were present in trace
amounts only. Table 5 gives the relative composition of the
major species of the ethanolamine glycerophospholipids, the
proportions of which appeared to be especially variable among
the different preparations of atherosclerotic extracts. In the
fatty streak, the major PtdEtn species were: 38:4 (55%), corre-
sponding to mainly 18:0/20:4; 40:4 (11%), mainly 18:0/22:4;
40:6 (8%), mainly 18:0/22:6; and 36:1 (7%), mainly 18:0/18:1
GroPEtn. A comparable distribution of these species was seen
for the fibrous plaque and the calcified tissue. In contrast, the
necrotic core contained only 40% 18:0/20:4 but 21%
18:0/18:1. Both the necrotic core and calcified tissue contained
a high proportion of 18:0/22:4 (18–27%). The plasmalogenic
species was essentially completely absent. Obviously, the
ethanolamine glycerophospholipids of the atherosclerotic le-
sions had rather limited resemblance to those of LDL (38). No
evidence was obtained for the presence of lysophos-
phatidylethanolamine (lysoPtdEtn) or lysophosphatidylinosi-
tol (lysoPtdIns) in any of the lesion preparations. Surprising
also was the relative absence of the hydroperoxides, iso-
prostanes, and core aldehydes from the inositol and
ethanolamine-containing phospholipids.

The total mass spectra recorded over the PtdIns elution
times of the necrotic core (Fig. 6C) ranged in mass from m/z
836 to 944, with the major species being due to m/z 885,
which corresponded to 18:0/20:4. Table 6 gives the relative
composition of the major species of PtdIns, which changed
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TABLE 4
Molecular Species of LysoPtdCho from Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Molecular speciesb [M + 1]+ Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

15:0 468 0.54 ± 0.78 0.00 ± 0.00 0.06 ± 0.07 0.52 ± 0.64
16:0alk 482 0.50 ± 0.62 0.25 ± 0.24 0.74 ± 0.45 0.59 ± 0.54
16:0 496 23.24 ± 4.95 19.62 ± 1.39 22.72 ± 1.36 25.08 ± 2.55
18:2pls 504 0.27 ± 0.36 0.52 ± 0.11 0.41 ± 0.27 0.38 ± 0.40
18:0pl 508 0.72 ± 0.76 0.71 ± 0.11 1.06 ± 0.78 0.69 ± 0.42
18:0alk 510 0.44 ± 0.57 0.37 ± 0.24 0.37 ± 0.29 0.55 ± 0.51
18:3 518 9.94 ± 2.12 9.82 ± 1.20 8.55 ± 0.60 9.60 ± 1.78
18:2 520 8.76 ± 5.52 11.43 ± 3.57 11.24 ± 2.59 11.44 ± 3.43
18:1 522 11.32 ± 1.68 11.42 ± 3.62 11.32 ± 2.31 11.92 ± 1.60
18:0 524 6.00 ± 1.78 8.52 ± 4.20 10.37 ± 3.40 10.63 ± 3.68
20:5alk 526 0.04 ± 0.07 0.08 ± 0.03 0.14 ± 0.17 0.12 ± 0.12
20:5 542. 3.46 ± 1.24 5.06 ± 1.71 3.99 ± 0.62 3.57 ± 0.9
20:4 544 20.63 ± 5.19 17.05 ± 0.92 14.16 ± 1.20 14.52 ± 3.49
20:3 546 3.56 ± 2.27 5.29 ± 2.26 6.66 ± 0.69 6.14 ± 1.59
18:0paf 566 5.96 ± 1.16 5.00 ± 0.82 4.16 ± 1.57 2.59 ± 1.16
22:6 568 1.28 ± 1.26 2.59 ± 0.88 1.96 ± 1.14 0.49 ± 0.06
22:5 570 1.07 ± 1.80 0.40 ± 0.26 0.43 ± 0.30 0.10 ± 0.09
22:4 572 0.80 ± 0.73 0.68 ± 0.66 0.62 ± 0.59 0.11 ± 0.13
Totalc 98.53 98.79 98.95 99.05
aData are given as mean ± SD.
bMolecular species are identified by total fatty carbon number:number of double bonds each sample analyzed in triplicate. pls, alkenyl; paf, platelet-activat-
ing factor; for other abbreviation see Table 2.
cTotal lysoPtdCho contents of fatty streak, fibrous plaque, necrotic core, and calcified tissue are given in Table 1.

FIG. 2. Single-ion mass chromatograms for the major isoprostane-contain-
ing PtdCho of the necrotic core of a human atherosclerotic plaque. Molec-
ular species are identified in the figure. LC/ESI-MS conditions are given in
the Materials and Methods section. For abbreviations see Figure 1.



little with the maturation of the plaques, and corresponded in
general to that of plasma LDL (38,39). The major species of
PtdIns in the fatty streak, fibrous plaque, necrotic core, and
calcified tissue were: 38:4 (75–78%), representing mainly
18:0/20:4; 38:3 (6–8%), mainly 18:0/20:3; 38:5 (3–4%),
mainly 18:0/20:5; and 36:2 (3–7%), mainly 18:0/18:2 glyc-
erophosphoinositol (GroPIns). The PtdIns composition of the
necrotic core differed markedly from that of the fatty streak,
fibrous plaque, and calcified tissue by containing less of the
18:0/20:4 (57%) and more of the 18:0/20:3 (26%) species.

Despite the high polyunsaturation of PtdIns, neither hy-
droperoxides nor isoprostanes or core aldehydes were found
in the present study. Piotrowski et al. (30,35) found a linear
relationship between total PtdCho and PtdIns and their per-
oxide content, but the PtdEtn showed no such relationship.
Piotrowski et al. (30) determined the total phospholipid hy-
droperoxides in mature atherosclerotic plaques by means of a
fluorometric assay.

Among the ethanolamine phospholipids in the atheroscle-
rotic lesions were the glucosylation products, which had been
isolated previously from the LDL of normal subjects and dia-
betics (40,41). Figure 7 shows the elution pattern of the glu-
cosylated and nonglucosylated diradyl GroPEtn recovered
from a mature atheroma of a patient with diabetes. Both dia-
cyl and alkenylacyl derivatives of glycated GroPEtn were
identified by negative-ion LC/ES-MS. In the present study, a
considerable discrepancy existed between the glycated and
nonglycated species from lesions at different stages of devel-
opment. The most abundant glycated PtdEtn species in the
plaque was 18:0/20:4 (m/z 928). However, the glycated
ethanolamine phospholipids also contained high proportions
of the 38:5 alkenylacyl (m/z 910), mainly 1-O-stearyl-2-20:4;
38:4 alkenylacyl (m/z 912), mainly 1-O-stearyl-2-20:4; and
36:4 alkenylacyl (m/z 884), mainly 1-O-palmityl-2-20:4
GroPEtn. The high content of the plasmalogens in the gly-
cated ethanolamine phospholipids contrasts with their nearly
complete absence from the diacyl GroPEtn homologs. We
showed elsewhere (24) that the molecular species of glycated
and nonglycated diradyl GroPEtn are quite similar when iso-
lated from the same sample of mature atherosclerotic tissue.
In samples from nondiabetic individuals, we found 2.4 nmol
glycated diradyl GroPEtn per milligram total lipid, which 
represented 1.3% of the total atheroma phospholipid. The ath-
erosclerotic tissue from diabetics contained 11.5 nmol gly-
cated diradyl GroPEtn per milligram total lipid, which repre-
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FIG. 3. Isoprostane levels of atherosclerotic tissue at different stages of
atheroma development. 16:O/E2 glycerophosphocholine (GroPCho),
palmitoyl GroPCho with an E2 at the sn-2-position; 16:0/F2 GroPCho,
palmitoyl GroPCho with an F2 at the sn-2-position; 18:0/E2 GroPCho,
stearoyl GroPCho with an E2 at the sn-2-position; 18:0/F2 GroPCho,
stearoyl GroPCho with an F2 at the sn-2-position. Isoprostane levels
were estimated by LC/ESI-MS in relation to an internal standard; n =
3–4; each sample was analyzed in triplicate. LC/ESI-MS conditions as
given in the Materials and Methods section. For other abbreviation see
Figure 1.

FIG. 4. Single-ion mass chromatograms recorded for the major core
aldehydes of PtdCho of the necrotic core of human atheroma. Molecu-
lar species are identified in the figure. LC/ESI-MS conditions are given
in the Materials and Methods section. For abbreviations see Figure 1.



sented 7.3% of the total atheroma phospholipids, whereas the
analysis of normal aortic tissue did not show any PtdEtn gly-
cation.

DISCUSSION

Analytical results. There have been no previous detailed analy-
ses of the phospholipids or oxophospholipids of atheroscle-
rotic lesions from different stages of development. Some of
our values can be compared, however, to the values extrapo-

lated from the data obtained on mature plaques by Piotrowski
et al. (30,35). Thus, a fivefold increase in the total phospho-
lipid content of the fibrous plaque found in the present work is
of the order reported by Piotrowski et al. (30) for the mature
plaque when compared with normal intima. The proportions
of the PtdCho/PtdIns/PtdEtn (3.4:1:1 by wt) observed for the
fibrous plaque were comparable to those extrapolated from the
data of Piotrowski et al. (35) for mature atherosclerotic plaque
(PtdCho/PtdIns/PtdEtn ratio of 6.3:1.5/2.2, by wt). The 19%
of lysoPtdCho found in the fibrous plaque in the present study
compared to 17% lysoPtdCho extrapolated from the data of
Piotrowski et al. (35) for the mature plaque. The SM contribu-
tion increased from 16 to 32% of total phospholipids during
lesion development, whereas a value of about 20% was ob-
tained from the data of Piotrowski et al. (35).

The major molecular species of PtdCho resembled those
described previously for total plasma (38), whereas the mole-
cular species of SM were similar to those reported earlier for
plasma LDL (24,38). The molecular species of lysoPtdCho
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FIG. 5. PtdCho core aldehyde levels at different stages of atheroma de-
velopment. Core aldehyde levels were estimated by LC-MS in relation
to an internal standard; n = 3–4; each sample was analyzed in tripli-
cate. LC/ESI-MS conditions are given in the Materials and Methods sec-
tion. HNE, 4-hydroxynonenal; C5 ALD, five-carbon aldehydes; C9 ALD,
nine-carbon aldehydes; for other abbreviations see Figure 1.

FIG. 6. Total negative ion profile of the inositol and ethanolamine glyc-
erophospholipids of the necrotic core of human atheroma (A) and the
full mass spectra of phosphatidylethanolamine (PtdEtn) (B) and phos-
phatidylinositol (PtdIns) (C) as recorded over the appropriate elution
ranges of the chromatogram. The molecular species of the phospho-
lipids are identified as shown in Tables 5 and 6. LC/ESI-MS conditions
are given in the Materials and Methods section.



were unusual in having a high proportion of the unsaturated
species, which are unlikely to have originated from the activ-
ity of phospholipase A2. The finding of a high proportion of
PUFA in the sn-1-position, as indicated by their chromato-
graphic behavior, may have resulted from isomerization of
the sn-2-lysophospholipids following prior nonenzymatic
(alkenyl group) or enzymatic (acyl group) removal of the sn-1-
substituent (phospholipase A1).

The high proportion of total lysoPtdCho may reflect prefer-
ential enzymatic destruction of oxo-PtdCho. The present study
identifies the major molecular species of the lipid peroxides of
atherosclerotic plaques as the mono- and dihydroperoxides of
the linoleates of GroPCho, and as the E and F isoprostane de-
rivatives of the arachidonates of GroPCho. The total content of
the hydroperoxides measured in the present work exceeds the
value reported by Piotrowski et al. (35) by twofold, which may
have been due to differences in the methodologies used. Our
estimates for isoprostanes in the atheroma samples are similar
to those of Pratico et al. (6), who reported the 8-epi
prostaglandin2α (1.310–3.450 pmol/µmol phospholipid) in
atherectomy specimens compared with 0.045–0.115
pmol/µmol phospholipid in vascular tissue devoid of athero-
sclerosis. Corresponding values of IPG2α-I were 5.6–13.8 vs.
0.16–0.44 pmol/µmol phospholipid. Assuming a PtdCho level
to be 6.3 mg/g of tissue and a total isoprostane level of 630 µg/g

tissue, the pmol/µmol concentration estimated in the present
study (5–20 pmol/µmol PtdCho) would be in the range re-
ported by Pratico et al. (6), which suggests that the plaque iso-
prostanes are essentially all bound to GroPCho. According to
Pratico et al. (6), the isoprostane levels remained relatively
constant over a range of carotid stenosis of 60 to 95% and an
age range of 54 to 76 yr. Taken together, these results suggest
the continued production and destruction of hydroperoxides
and isoprostanes rather than a linear accumulation. Thomas et
al. (7) recently showed in lesions from atherosclerotic nonhu-
man primates that no simple explanation exists as to why F2-
isoprostane accumulation does not depend on the concentra-
tion of oxidizable lipids that promote free-radical lipid oxida-
tion. Reilly et al. (42) demonstrated, however, an increased
formation of distinct F2 isoprostanes in hypercholesterolemia.
Our previous work (40) with oxidized LDL revealed the mono-
and dihydroperoxide and isoprostane-containing PtdCho as the
major early oxidation products of LDL. Specifically, the mono-
hydroperoxy derivatives of 16:0/18:2 GroPCho (m/z 790) and
18:0/18:2 GroPCho (m/z 818) were identified, as were the di-
hydroperoxides of 16:0/20:4 GroPCho (m/z 846), and the
16:0/F2 isoprostane (m/z 832) and 16:0/E2 isoprostane GroP-
Cho (m/z 830) arising from the 16:0/20:4 GroPCho.

The lipid hydroxides of atheromas, whatever their origin,
have been studied in great detail and quantified by Wadding-
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TABLE 5
Molecular Species of Ethanolamine Glycerophospholipids from Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Molecular speciesb [M + 1]+ Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

34:1 716 0.68 ± 0.71 4.00 ± 1.49 0.21 ± 0.49 2.55 ± 4.41
36:4 738 5.21 ± 5.00 2.12 ± 1.90 0.78 ± 1.80 0.00 ± 0.00
36:2 742 5.19 ± 4.75 3.87 ± 3.35 3.67 ± 7.09 0.85 ± 1.47
36:1 744 6.56 ± 2.62 10.40 ± 2.39 20.94 ± 7.04 3.98 ± 6.29
38:3pls 752 0.12 ± 0.21 1.07 ± 0.94 1.47 ± 3.39 0.00 ± 0.00
38:5 764 5.77 ± 0.52 4.81 ± 6.78 9.11 ± 3.65 0.75 ± 1.29
38:4 766 55.66 ± 12.20 53.03 ± 9.71 39.98 ± 6.38 56.16 ± 12.22
40:6 790 8.23 ± 6.26 8.87 ± 8.31 6.03 ± 8.70 5.50 ± 4.67
40:4 794 10.58 ± 4.64 10.83 ± 2.30 17.79 ± 2.52 27.49 ± 16.78
40:3 796 1.99 ± 1.74 0.99 ± 0.40 0.02 ± 0.05 2.74 ± 0.59
Totalc 99.99 99.99 99.99 99.99
aData are given as mean ± SD.
bMolecular species are identified by total fatty carbon number:number of double bonds; each sample was analyzed in triplicate. pls, alkenyl.
cTotal ethanolamine glycerophospholipid contents of fatty streak, fibrous plaque, necrotic core, and calcified tissue are  given in Table 1.

TABLE 6
Molecular Species of PtdIns from Human Atherosclerotic Plaques of Different Developmental Stages (mol%)a

Molecular speciesb [M + 1]+ Fatty streak (n = 3) Fibrous plaque (n = 4) Necrotic core (n = 4) Calcified tissue (n = 4)

36:4 857 1.93 ± 1.77 2.15 ± 1.86 1.30 ± 1.06 2.00 ± 4.00
36:2 861 3.41 ± 2.96 3.43 ± 0.48 6.07 ± 2.96 6.65 ± 5.28
36:1 863 0.25 ± 0.22 2.92 ± 2.79 2.17 ± 1.06 0.00 ± 0.00
38:5 883 4.07 ± 1.38 3.17 ± 2.53 3.82 ± 1.70 2.82 ± 2.26
38:4 885 78.43 ± 9.47 75.09 ± 5.82 57.10 ± 4.75 76.17 ± 10.74
38:3 887 8.15 ± 3.80 11.38 ± 0.53 25.72 ± 3.82 6.54 ± 6.71
40:6 909 0.38 ± 0.66 0.55 ± 0.96 3.56 ± 0.30 0.49 ± 0.99
40:5 911 0.51 ± 0.89 0.30 ± 0.53 0.44 ± 0.89 0.00 ± 0.00
40:4 913 1.65 ± 2.66 0.59 ± 1.02 0.07 ± 0.14 2.03 ± 4.06
Totalb 98.78 99.58 98.95 96.70
aData are given as mean ± SD. For abbreviation see Table 1.
bMolecular species are identified by total fatty carbon number:number of double bonds; each sample was analyzed in triplicate.
cTotal PtdIns contents of fatty streak, fibrous plaque, necrotic core, and calcified tissue are given in Table 1.



ton et al. (11) and earlier by Mallat et al. (8). The values of
the hydroxides of linoleoyl GroPCho reported by Mallat et
al. (8) and Waddington and coworkers (10,11) exceeded those
of the isoprostanes by more than 20 times. The PtdCho hy-
droxide values found in the present study barely reached
those of the hydroperoxides and isoprostanes. It is possible
that the higher recoveries of the hydroxides were facilitated
by the saponification and quantification of the hydroxy FAME
in the studies of Mallat et al. (8) and Waddington et al. (11).

The presence of core aldehydes of GroPCho in the athero-
sclerotic plaques has been recognized only recently
(24,25,33). The present levels and composition of molecular
species are in the previously reported range, although there
may have been some decrease with plaque maturation. Hoff
et al. (37) anticipated the formation of carboxy-terminal
analogs of the 4-hydroxynonenal type during lipid peroxida-
tion in both arachidonate- and linoleate-esterified GroPCho.
Kaur et al. (43) suggested a likely mechanism of formation
of 5-hydroxy-8-oxo-6-octenoic acid ester from arachidonoyl

GroPCho and 9-hydroxy-12-oxo-10-dodecenoic acid ester
from linoleoyl GroPCho that involved the partitioning of a
family of peroxyeicosatetraenoyl radicals generated by non-
regioselective hydrogen atom abstraction from arachidonate
or linoleate. β-Scission of an alkoxyl radical derived from di-
hydroperoxide could form two γ-hydroxy-α,β-unsaturated
aldehydes such as hydroxynonenal and an analog still esteri-
fied to GroPCho. For every molecule of hydroxynonenal
formed, a mirror image of esterified hydroxynonenal would
also be obtained. Since the γ-hydroxy-α,β-unsaturated termi-
nal aldehyde is characteristic of hydroxynonenal, it was con-
ceived that these compounds would also form Michael
adducts with the thiol group of cysteine and amino groups of
lysyl derivatives, as recently confirmed experimentally (37).

The major molecular species of the minor plaque glyc-
erophospholipids resembled the composition of the minor
phospholipids of LDL, including the high proportion of the
18:0/20:4 species found in PtdIns (38,39). The ethanolamine
phospholipids were deficient in plasmalogens, and in this re-
gard differed from the molecular species of those of plasma
(38). An anticipated contribution from macrophages, which
are known to contain high proportions of both alkenylacyl
and alkylacyl GroPEtn species (44,45), could not be verified
by the present work. Macrophages appear at a very early stage
in the development of atherosclerotic lesions and persist
throughout their evolution, indicating a pivotal role of these
cells in the disease process. In fact, cholesterol-filled “foam
cell” macrophages are a characteristic feature of atheroscle-
rotic lesions (22,46). It is possible that the plasmenyl-
ethanolamines were lost from the lesion due to acid-catalyzed
decomposition, although the acidity of any potential sites of
their degradation is not known. If losses had occurred, they
would have been more likely during the sample extraction
and workup. Surprisingly, no evidence in this study was ob-
tained for the presence of the core aldehydes of the
ethanolamine and inositol glycerophospholipids, which were
found to contain over 50–75% of their molecular species in
the form of 18:0/20:4 at all stages of atheroma development.
It is possible that the absence of these core aldehydes may
have been due to their high reactivity and/or polymerization,
as suggested by in vitro peroxidation studies (21).

The levels of glycated ethanolamine phospholipids found
in the atheromas (5% glycated GroPEtn per milligram total
phospholipid) are comparable to levels of glycated PtdEtn
previously measured in the plasma of diabetic individuals
(41). The presence of glycated PtdEtn in atheroma has not
been demonstrated previously.

The present experimental results and an examination of the
literature show that the accumulated lipid must have multiple
precursors, as it does not represent the composition of any of
the likely lipid sources. Furthermore, the appearance of new
and unusual lipid species appears to exclude the possibility of
a simple selectivity in the deposition process. Clearly, the nor-
mal transport and biosynthetic processes must have been sub-
ject to metabolic intervention, and there is evidence to support
this (46). Thus, enzymatic degradation of oxidized phospho-
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FIG. 7. Elution pattern of the glucosylated and nonglucosylated diradyl
glycerophosphoethanolamine (GroPEtn) recovered from a mature
atheroma of a diabetic patient. The molecular species have been identi-
fied elsewhere (24). LC/ESI-MS conditions are given in the Materials and
Methods section. Gly, glycosated; CI, chloride.



lipids is likely in the atheromas, as it has been observed in both
lipoproteins and in cells. Two enzymes shown to degrade oxi-
dized phospholipids in lipoproteins are paraoxonase (36,47)
and PAF acetyl hydrolase (48,49), and these enzymes may
have acted on the oxidized glycerolipids in the atherosclerotic
plaques. Likewise, the oxidized glycerophospholipids may
have been attacked by phospholipases A1 and A2, as well as
by the secretory group II phospholipase A2 (50–53). Schissel
and coworkers (54,55) have concluded that the LDL retained
in atherosclerotic lesions is acted on by an arterial-wall sphin-
gomyelinase, which may participate in LDL aggregation and
possibly other sphingomyelinase-mediated processes during
atherogenesis. Sphingomyelinase hydrolyzes SM into ce-
ramide and phosphocholine. In turn, ceramide serves as an im-
portant stress-signaling molecule. Chatterjee (56) has re-
viewed the possible involvement of sphingolipids in athero-
sclerosis and vascular biology. Goyal et al. (57) have
demonstrated the hydrolysis of oxidized PtdCho by LCAT.

In addition, the composition of the atheroma lipids may
undergo changes due to chemical reactivity of some of the
lipid classes and molecular species. Thus, the lipid ester core
aldehydes are known to form Schiff bases with amino acids,
peptides, and proteins and may not be recovered during ordi-
nary lipid extraction (28,32,34). The core aldehydes of Ptd-
Cho have been shown to undergo aldol condensation (21) and
might not be readily detected under routine LC-MS analysis.

The hydroperoxides may undergo carbon-chain cleavage
depending on the availability of divalent metal ions, which
may contribute to great variability in the isolation of the hy-
droperoxides. The hydroperoxides themselves may undergo
complexing with other hydroperoxides and hydroxides, which
also may result in alterations of the recoverable hydroperox-
ide content. The core aldehydes may also undergo further oxi-
dation to the core acids and the accumulation of both may de-
pend on the activity of the PAF acetylhydrolase (58).

Significance. The significance of the present findings re-
sides in the documentation of the phospholipid and oxophos-
pholipid composition of the atherosclerotic plaque, which had
not been attempted previously. Of special interest is the iden-
tification and quantification of several lipid species with po-
tential lipid anchor and signaling properties, yet no specific
function has been attributed to the high levels of PtdIns found
at all stages of plaque development, which are well-known
precursors of lipid-signaling molecules.

Nishi et al. (59) have investigated the relationship between
clinical features, histopathological characteristics, and lipid
peroxidation in patients undergoing carotid endartectomy.
The plaque TBARS values of GIII (30% lipid-rich core) were
significantly higher than those of other lesion classes. Their
results showed that lipid peroxidation in carotid plaques is
significantly associated with carotid atherosclerosis, espe-
cially plaque instability. In other studies, Loidl et al. (60) re-
ported that oxidized phospholipids, such as 1-palmitoyl-2-
glutaroyl- and especially 1-palmitoyl-2-(5-oxovaleroyl)-sn-
glycero-3-phosphocholine, induce signaling cascades via
activation of acid sphingomyelinase, finally leading to apop-

tosis of smooth muscle cells, a process contributing to the de-
velopment of atherosclerosis.

The short-chain core aldehydes of PtdCho, like PAF, are
known to activate monocytes via the PAF receptor (20,23,48).
Furthermore, Tokumura et al. (58) showed that the PAF-like
lipids regulate DNA synthesis and production of nitric oxide
independently of the activation of the PAF receptor in vascu-
lar smooth muscle cells.

Ravandi et al. (61) showed earlier that the C5 and C9 core
aldehydes of GroPCho readily form Schiff bases with the
amino groups of amino acids, peptides, and myoglobin, as
well as PtdEtn, whereas others demonstrated similar Schiff
base formation with the core aldehydes derived from choles-
teryl linoleate (4) and glyceryl-2-linoleate (34). More recently,
Ravandi et al. (40) found that glucosylated PtdEtn added to
nonglycated LDL promotes the oxidation of PtdCho and cho-
lesteryl esters and the uptake of glucosylated PtdEtn-contain-
ing LDL by macrophages. Ravandi et al. (27) also demon-
strated that glycated PtdEtn promotes macrophage uptake of
LDL and accumulation of cholesteryl esters and TAG. Fur-
thermore, glucosylation of PtdEtn promoted its oxidation as
well as that of other glycerophospholipids in oxidized LDL.

Zieseniss et al. (62) demonstrated that oxidation of unsatu-
rated diacyl GroPEtn promotes thrombin formation and that
this effect can be duplicated by PtdEtn modified by a short-
chain aldehyde (4-hydroxynonenal) PtdEtn or lysoPtdEtn
adduct. Their results suggested that the imino group between
the ethanolamine head group and the aldehyde was the major
determinant for the stimulation of the prothrombinase activity.
A treatment with NaCNBH3 destroyed the activity. In contrast,
NaCNBH3 reduction of the Schiff base adduct of glucose
(aldehyde form) and PtdEtn did not result in a loss of stimu-
lated uptake of LDL by macrophages.

The dramatic changes in the lipid content and composition
of the atheromas demonstrated in the present study and in iso-
lated previous studies, along with the biochemical activity of
many oxolipids, clearly exclude their role as innocent by-
standers. Although a causal relationship between oxolipid for-
mation and plaque development cannot be established from
the present analyses, the demonstration of such a relationship
may be possible in the future by correlating the results of sen-
sitive measurements of oxolipid changes with the expression
of specific enzyme and receptor activities in the macrophages
and in the intimal tissue. Ideally, the findings of the present
analyses will encourage such studies and the methodology de-
veloped here will help to facilitate their execution.
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ABSTRACT: The objectives of this work were to study the FA
composition of milk gangliosides, as well as to gain further in-
sight into the characterization of human milk gangliosides. The
potential capacity of human milk gangliosides to adhere to
human enterotoxigenic Escherichia coli (ETEC-strains) was also
studied. Human milk gangliosides were isolated and identified
by high-performance TLC or immunoassay. The latter also was
used to assay bacterial adhesion. The FA composition of gan-
gliosides was studied by GC. The presence of O-acetyl GD3
(Neu5,9Ac2α2-8 NeuAcα2-3Galβ1-4GlcCer) and trace
amounts of GM1 [Galβ1-3GalNAcβ1,-3(NeuAcα2-3)Galβ1-
4GlcCer] in human milk was confirmed. Medium-chain FA
were almost absent in colostrum, whereas in the subsequent
stages they rose to 20%. The levels of long-chain FA decreased
after colostrum. With respect to the degree of saturation, gan-
gliosides from colostrum were richer in monounsaturated FA
than gangliosides synthesized during the rest of the lactation pe-
riod, opposite to the pattern for PUFA. A human-ETEC coloniza-
tion factor antigen II-expressing strain showed binding capacity
to human milk GM3 (NeuAcα2-3Galβ1-4GlcCer). New data on
human milk gangliosides have been gathered. A thorough
knowledge of their composition is needed since they may have
important biological implications in regard to newborns’ de-
fense against infection.

Paper no. L9354 in Lipids 39, 111–116 (February 2004).

Gangliosides are glycosphingolipids consisting of a hy-
drophobic ceramide and a hydrophilic oligosaccharide chain
bearing one or more acidic sugar molecules (sialic acids).
They are present in the cell membranes of almost all verte-
brate tissues and also in many body fluids (1). In milk, gan-
gliosides are mainly located in milk fat globule membranes.
Although the precise role of gangliosides in human milk has
not yet been well established, gangliosides could act as ana-
log receptors in the gut, preventing newborns from contract-
ing infections produced by several microorganisms and from
their enterotoxins (2). In this sense, gangliosides have been
proposed to recognize microorganisms such as Haemophilus
influenzae or Pseudomonas (3,4). They also can block toxins;
ganglioside GM1 seems to be the optimal glycolipid receptor
for cholera toxin (5), although modifications in the structure
of the molecule do not completely abolish its recognition ca-
pacity, suggesting a relatively wide spectrum of recognizing
molecules, including sialyllactose (6). Besides protective ef-

fects, other roles have also been proposed for these mole-
cules: They could be involved in the processes of tissue and
organ development in newborns (7). 

The composition of milk lipids varies during lactation. The
proportions of short- and medium-chain FA increase as lacta-
tion progresses; conversely, long-chain PUFA content de-
creases (8). Several authors have reported variations in bovine
milk gangliosides during lactation (9,10). Nevertheless, in hu-
mans, there are few studies on composition with regard to the
lactational stage, and the data so far available are quite hetero-
geneous (11–13). Moreover, little attention has been paid to the
ceramide moiety and its changes during lactation. To date, its
composition has been studied only in bovine milk (10), al-
though the antigenic importance of this part of the ganglioside
seems to be greater than previously thought; i.e., it is known
that changes in the ceramide composition are responsible for
the ability of lactosylceramides to be recognized by Helicobac-
ter pylori (14). In this sense, the present study reports new data
on the content and distribution of gangliosides in human milk;
we also study the FA composition of human milk gangliosides
and their changes during lactation. Finally, we suggest an ap-
proach to identifying the possible functional role of milk gan-
gliosides by studying their binding capacity to an enterotoxi-
genic Escherichia coli strain (ETEC), which is one of the main
causes of diarrhea in infants. Since breast-fed infants appear to
undergo fewer or less severe gastrointestinal, respiratory, and
urinary infections than formula-fed infants (15,16), we believe
that the compositional and functional aspects of human milk
should be studied in detail.

EXPERIMENTAL PROCEDURES

Samples. Samples were obtained from 12 healthy Spanish
women (Caucasian population) aged between 25 and 35 yr.
Donors were primiparous or multiparous women, of a medium-
high socioeconomic status, consuming a common Western diet
ad libitum. Each of them donated three samples, corresponding
to each of the three lactational stages considered: colostrum,
transitional milk, and mature milk. Colostrum comprised the
milk produced between days 1 and 4 of lactation; transitional
milk was collected between days 12 and 17 of lactation; and
mature milk was collected between days 28 and 32. Milk sam-
ples were collected by donors using a hand-operated breast
pump or manually throughout the sampling days in plastic con-
tainers and was frozen immediately. After collection, the milk
was stored at −20°C, lyophilized, and homogenized to ensure
uniform distribution of the components.

Extraction of gangliosides. Gangliosides were obtained as
previously described (9). Briefly, lyophilized milk was
homogenized twice with 10 vol of cold acetone (−20°C) to
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remove neutral lipids and then filtered. Polar lipids from the
acetone powder were then successively extracted with 10 vol
chloroform/methanol (C/M) (2:1, 1:1, and 1:2, vol/vol). The
extracts were combined and reduced to one-fourth of the orig-
inal volume by rotary evaporation, and cooled at –20°C
overnight; insoluble material was removed by centrifugation.
The lipid extract was then evaporated to dryness, taken up in
10 vol C/M (2:1), and subjected to Folch partition (9). The
upper phases, containing crude gangliosides, were combined
and dialyzed against distilled water at 4°C for 2 d (the water
was changed every 6–8 h). The dialysate was then lyophilized,
resuspended in C/M 2:1, centrifuged again, and the super-
natant was collected. In a preliminary experiment ganglio-
sides were subjected to C18 cartridge (Sep-Pak; Waters, Mil-
ford, MA) chromatography instead of dialysis. Gangliosides
were adsorbed, and the water-soluble components passed
through the column. Gangliosides were then eluted with
methanol (17).

Gangliosides were quantified as lipid-bound sialic acids by
the resorcinol assay (18). They were separated by high-perfor-
mance TLC (HPTLC plates; Merck, Darmstadt, Germany) using
the following solvent system: C/M/water (50:45:10, by vol) con-
taining 0.02% CaCl2. Individual gangliosides were analyzed
with a dual-wavelength TLC densitometer (Shimadzu CS 9000;
Kyoto, Japan) after separation by HPTLC and development with
the resorcinol reagent. Visualization of gangliosides was also
achieved by spraying the plates with the orcinol reagent. 

Individual gangliosides for GC analysis were purified by
preparative TLC (preparative TLC sheets; Merck) using the fol-
lowing solvent system: methyl acetate/C/M/n-propanol/0.25%
KCl (25:20:20:20:17, by vol) (19).

Immunostaining assays. Immunostaining on HPTLC plates
to identify individual gangliosides was performed as previously
reported (20). Different monoclonal antibodies (mAb) against
gangliosides were used. Briefly, gangliosides were chro-
matographed in duplicate on an HPTLC plate. Once dried, half
of the plate was developed by orcinol/H2SO4. The other half of
the plate was soaked with 0.1% polyisobutyl butylmethacrylate
(Aldrich Chemical Co., Milwaukee, WI) in n-hexane for 75 s
and kept overnight at room temperature for drying. The plate was
blocked with 1% BSA (Fluka, Buchs, Switzerland) in Tris-0.1 N
HCl for 30 min. It was then incubated with the appropriate mAb
at room temperature for 2 h. After washing with PBS (10 mM,
pH 7.2), the plate was incubated with biotinylated anti-mouse
polyvalent immunoglobulins (conjugated biotin, 1:2000 in 1%
BSA containing PBS) for 1 h 30 min and then with strepta-
vidin/alkaline phosphatase (1:1000 in the same buffer) for 1 h 30
min before being developed with the substrate.

Methanolysis and GC analysis. After separation, ganglio-
sides were subjected to methanolysis for FA derivatization. The
solvent (0.5 M methanol/HCl; Sigma, St. Louis, MO) was
added (300 µL) to the gangliosides that had been dried under a
nitrogen stream, and sealed tubes were incubated for 20 h at
80°C. Methyl esters were then extracted with hexane, cen-
trifuged, and kept in the organic phase, which was dried under
a nitrogen stream. FAME were taken up in isooctane and in-
jected into a GC apparatus (KNK 3000 gas chromatograph

equipped with an FID; Konick Instruments, Barcelona, Spain)
for their analysis. A SUPELCOWAX 10 semicapillary column
(30 m × 0.53 mm) (Supelco, Bellefonte, PA) was used. The in-
jector temperature was 210°C, and the detector temperature
was 240°C. The initial temperature was 115°C for 5 min. The
temperature was raised to 190°C at 10°C/min, and then to
230°C at 2°C/min. This final temperature was then held for 20
min. Peaks were identified by two procedures: First, sample
profiles were compared with those from commercial standards.
Second, individual standards were injected together with the
sample, and the resulting chromatographic profile was com-
pared with the native sample profile.

Bacterial adhesion to gangliosides on TLC. A strain of
ETEC expressing the adhesin colonization factor antigen II
(CFA/II) was used. This strain, called 23, was kindly provided
by Dr. Jorge Blanco, from the LREC (Laboratorio de Referen-
cia de Escherichia coli, Lugo, Spain). Bacteria were grown in
Mueller–Hinton broth (Difco, Detroit, MI) and incubated for
5–7 d at 37°C. When grown in this medium, the bacteria lacked
fimbriae. For fimbriae expression, the bacteria were incubated
on CFA agar plates at 37°C for 16 h, as previously reported by
Evans et al. (21). 

The binding of ETEC to gangliosides on TLC was deter-
mined as previously described by Karlsson and Strömberg
(22). Total milk gangliosides (3 µg in each lane) were separated
in duplicate on HPTLC plates (Merck) using C/M/water
(50:45:10, by vol) containing 0.02% CaCl2 as solvent system.
Once dried, half of the plate was developed with orcinol/H2SO4
for use as a control. The other half of the plate was dipped in
0.1% polyisobutyl methacrylate in n-hexane for 75 s and al-
lowed to dry. Once dried, it was soaked in 10 mM PBS pH 7.2,
containing 2% BSA (blocking buffer) for 1 h. 

Bacteria grown on a Petri dish (approx. 3.2 × 109 colony-
forming units) were collected in 1 mL of sterile PBS contain-
ing 1% mannose. The plate was covered with the bacterial sus-
pension and incubated for 2 h at 37°C in a humid chamber. Fol-
lowing this, the plate was thoroughly washed four times, 5 min
each, with PBS and incubated with the anti-E. coli antibody
(DAKO, Copenhagen, Denmark) at 1:25 in the blocking buffer
for 1 h at room temperature. Biotinylated anti-rabbit im-
munogloblin G (Sigma) and streptavidin/alkaline phosphatase
conjugate (Sigma) were added successively (1:1000 in the
blocking buffer) for 1 h at room temperature before develop-
ment with the substrate. 

Statistical assays. To test for statistically significant differ-
ences between the three stages of lactation, an ANOVA test
was applied in each case.

RESULTS

Ganglioside contents. A marked decrease in ganglioside con-
tent was observed during lactation, the values for colostrum
being more than double those found in mature milk. The data
(mean ± SD, n = 12, expressed as mg of lipid-bound sialic
acid/kg fresh milk), were as follows: colostrum, 2.3 ± 0.5; tran-
sitional milk, 1.38 ± 0.4; and mature milk, 0.8 ± 0.2. Statistically
significant differences between colostrum and the other stages
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(P < 0.01) and between transitional and mature milk (P < 0.05)
were found. Several gangliosides were identified by their chro-
matographic mobility or by the HPTLC-overlay method, using
specific mAb. Up to seven different gangliosides were found in
human milk, named from G1 to G7 in order of decreasing chro-
matographic mobility (Fig. 1, Table 1). The most abundant gan-
glioside in colostrum was G3, with a chromatographic mobil-
ity similar to that of ganglioside GD3. R24, an mAb with a high
degree of specificity against this ganglioside, reacted strongly
with G3. This ganglioside clearly appeared as a double band.
During lactation, the levels of this ganglioside decreased, un-
like G1 (with a mobility similar to that of the ganglioside
GM3), which appeared to be the most abundant in mature milk.
Between G1 and G3 there is another ganglioside (on a TLC
plate), G2, which is present in all stages. G2 is sensitive to al-
kaline hydrolysis; it reacts with the Jones mAb, and the posi-
tive staining with the antibody disappears after hydrolysis. G2
was assumed to be O-acetyl GD3. G4 was absent from the
colostrum. Highly polar gangliosides appeared irregularly dur-
ing lactation: G5 and G6, with a chromatographic mobility sim-
ilar to that of GT1b (standard from bovine brain), were present
at all stages, whereas G7 appeared only in the colostrum. None
of them reacted with the A2B5 mAb, which does not have a
high degree of specificity. This antibody has been described to
bind GT3, O-acetyl GT3, and other gangliosides (23). Finally,
despite the absence of ganglioside GM1 on the chemically de-
veloped plates, a specific mAb against GM1, called G1, was
also used. This more sensitive procedure allowed us to detect a
very thin band of GM1 in human milk samples, although it
could not be quantified.

Ceramide content. The five gangliosides present during each
stage of lactation were isolated by preparative TLC and analyzed
by GC. The FA contents of the individual gangliosides were de-
termined. A possible skewing of the FA composition when com-
pared with Sep-Pak methodology instead of dialysis in a prelim-
inary experiment—although not statistically significant—should
be mentioned. This could be due to a loss of short-chain com-
pounds (more polar) during dialysis or insufficient elution of
long-chain compounds (less polar) from the Sep-Pak cartridge.
The results, shown in Table 2, are expressed as mean values ±
SD of the FA content of the individual gangliosides from each
stage of lactation. The results were grouped according to the

length of the chain, and also to the degree of saturation. In the
first case, three groups were considered: Medium-chain FA
(MCFA), encompassing FA from C10 to C15; long-chain FA
(LCFA), encompassing FA from C16 to C21, and very long chain
FA (VLCFA), encompassing FA longer than C21. As seen in Fig-
ure 2, whereas in colostrum MCFA were barely present, these
FA increased during lactation. At the same time, LCFA dimin-
ished after colostrum, whereas VLCFA remained constant in all
three stages considered. Regarding the degree of saturation (Fig.
3), we considered saturated FA (SFA), monounsaturated FA
(MUFA), and PUFA. Gangliosides from colostrum were richer
in MUFA than gangliosides from the rest of the lactation period,
unlike PUFA, which increased after colostrum. SFA, however,
remained constant during lactation. Taking into consideration the
two most abundant gangliosides (GM3 and GD3), we observed
a within-group variability of certain FA (Table 3): 16:0 was more
abundant in GM3 than in GD3, not only in colostrum (23 and
17%, respectively) but also in mature milk (14% in the former,
10% in the latter). Behenic acid (22:0) was also more abundant
in GM3 (5%) than in GD3 (1%) in mature milk, but in
colostrum, the inverse situation was observed (3% in GD3, 0.4%
in GM3). Curiously, the greatest difference occurred in 20:1 in
mature milk, where this FA represented 7% of GD3 but only
0.9% of GM3.

Adhesion to ETEC. As described in the Experimental Proce-
dures section, gangliosides were separated on a HPTLC plate,
covered with the bacterial suspension, washed, and incubated
with the anti-E. coli antibody. As shown in Figure 4, after devel-
opment with the antibody, only one band was seen on the plates.
When compared with the chemical staining, the band corre-
sponded with the ganglioside GM3 from mature milk. No bands
corresponding to this ganglioside were found in transitional milk
or colostrum. When nonfimbriated bacteria were used, no recog-
nition between gangliosides and bacteria took place.

DISCUSSION

Ganglioside contents followed the trend previously reported
for other sialoglycoconjugates in human milk (24), being quite
high in colostrum and decreasing markedly with the duration
of lactation. However, the available data concerning ganglio-
side contents are somewhat variable: Whereas some authors
have not found differences between the initial and late lacta-
tion stages (13), others have reported that the transitional milk
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FIG. 1. High-performance TLC separation of human colostrum ganglio-
sides (COL). BBS: Bovine brain standard. Solvent system: chloroform/
methanol/water (50:45:10, by vol) containing 0.02% CaCl2. Ganglio-
sides were developed by the resorcinol reagent.

TABLE 1
Relative Amountsa (%) of the Ganglioside Sialic Acid Found
in Human Milk During the Three Stages Considered

Gangliosides Colostrum Transitional milk Mature milk

G1 8.8 ± 2.2 11.6 ± 2.2 50.2 ± 1.6**‡
G2 2.1 ± 0.9 8.9 ± 2.1*† 2.6 ± 0.5
G3 63.2 ± 3.9 52.4 ± 4.2* 21.3 ± 1.3**‡
G4 ND 6.1 ± 0.1* 7.9 ± 2.2*
G5 13.0 ± 2.0 12.2 ± 1.0 10.3 ± 0.9
G6 9.9 ± 0.7 8.5 ± 2.3 7.5 ± 0.6
G7 2.7 ± 0.1 ND ND
aValues are expressed as means ± SD. Significant difference from colostrum:
**(P < 0.01); *(P < 0.05). Significant difference from transitional milk:
‡(P < 0.01). Significant difference from mature milk: †(P < 0.05). ND, not
detected.



has the highest content of gangliosides (12), or even the lowest
(11). Such heterogeneity in the results could be due to differences
in the sampling methods used (milk pools of the stage of lacta-
tion or individual daily samples) and to differences among au-
thors in defining the stages. Although nutritional aspects should
not be overlooked in the case of Oriental diets (13), where fats
come mainly from fish, the values obtained by these authors
(11–13) were more than triple our own values. The ganglioside
content in colostrum was much higher than that previously found
in starter infant formulas (0.95–1.3 mg/L) (25); obviously, for-
mula-fed neonates ingest dissimilar ganglioside amounts com-
pared with nursing neonates.

Up to seven different gangliosides were found; we observed
a clear reciprocal relationship in the proportion of GD3 and
GM3, as already described by other authors (11–13). GM3, the
main ganglioside in mature milk, is usually present in mature
tissues, whereas GD3 has been described to be present in de-
veloping tissues (7). Whether the high concentration of this
ganglioside in colostrum contributes to the development of the
gut remains unknown. Regarding G2, assigned by us to O-
acetyl GD3, this does not seem to undergo a regular distribu-

tion during lactation. This could be due to the fragility of the
O-acetyl group; the O-acetylated derivative of GD3 could be
subject to modifications during the extraction and purification
processes, losing the O-acetyl group and being converted to
GD3. A ganglioside with similar chromatographic mobility
was described in human milk and also named G2; however, it
was suggested to be GM2 (26). In bovine milk, O-acetyl GD3
has already been described (10). This ganglioside has been de-
scribed to be present in the nervous system during rat embry-
onic development (27).

Rueda et al. (12) described the presence of several highly
polar gangliosides in human milk. The chromatographic mo-
bility of these gangliosides was similar to that of the minor gan-
gliosides we found (G4–G7). Those authors suggested that
some of them might be trisialylated gangliosides (GT3 and de-
rivatives). Unfortunately, we were not able to confirm this hy-
pothesis, since none of the above gangliosides (G4–G7) reacted
with the A2B5 antibody. In human milk, other authors have
found some minor gangliosides with a lower chromatographic
mobility than that of GD3 and considered the possibility of
these being gangliosides of the c-series (trisialo-, tetrasialo-)
(13). Quite complex branched structures have been described
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TABLE 2
FA Contenta (%) of Gangliosides from the Different Stages of Lactation

FA Colostrum Transitional milk Mature milk

10:0 0.12 ± 0.05 8.6 ± 0.56 7.05 ± 1.16
12:0 0.42 ± 0.19 8.69 ± 0.80 7.79 ± 1.45
14:0 4.28 ± 0.62 5.97 ± 1.18 7.84 ± 0.87
15:0 0.80 ± 1.12 0.34 ± 0.32 0.04 ± 0.00
16:0 23.04 ± 5.01 12.22 ± 0.28 10.76 ± 1.42
16:1 3.15 ± 0.84 1.89 ± 0.14 2.33 ± 0.57
17:0 0.68 ± 0.26 0.50 ± 0.13 0.45 ± 0.13
18:0 22.92 ± 2.86 17.25 ± 1.80 12.34 ± 2.63
18:1 19.24 ± 4.33 11.72 ± 2.07 10.40 ± 1.42
18:2 2.82 ± 1.03 3.51 ± 3.01 6.17 ± 5.40
18:3 6.02 ± 2.49 5.19 ± 1.76 5.48 ± 0.79
18:4 3.59 ± 1.01 14.14 ± 1.56 11.85 ± 1.65
20:0 0.82 ± 0.35 0.15 ± 0.10 0.93 ± 0.55
20:1 1.30 ± 0.67 0.38 ± 1.69 4.45 ± 1.93
20:2 0.94 ± 0.24 —- 1.81 ± 2.92
21:0 0.78 ± 0.59 0.65 ± 1.64 0.2 ± 0.02
20:4 1.91 ± 0.55 2.17 ± 0.31 1.61 ± 0.78
22:0 1.63 ± 0.81 1.52 ± 0.16 2.38 ± 1.54
23:0 0.7 ± 0.45 0.22 ± 1.03 0.17 ± 0.05
24:0 4.77 ± 1.73 4.80 ± 0.86 4.8 ± 0.8
aValues are expressed as means ± SD of the FA contents of the gangliosides from each stage of lacta-
tion.

FIG. 2. Distribution of ganglioside FA during lactation, with respect to
their chain length. MCFA, medium-chain FA; LCFA, long-chain FA;
VLCFA, very long chain FA. *Statistically significant difference from
colostrum (P < 0.01). C, colostrum; T, transitional milk; M, mature milk.

FIG. 3. Distribution of ganglioside FA during lactation, with respect to
their degree of saturation. SFA, saturated FA; MUFA, monounsaturated
FA. For other abbreviations see Figure 2.



in bovine buttermilk (28); their chromatographic mobility was
also less than that of GD3. Although the presence of GM1 in
human milk has been reported (5), some authors have not suc-
ceeded in finding it (13); we found only a trace amount of this
ganglioside.

To our knowledge, no data on the FA composition of human
milk gangliosides have been reported previously. In our hands,
the ganglioside FA composition changed during lactation. With
respect to the length of the chain, the situation reflects what
takes place at global level with the total FA composition of
human milk: an increase in MCFA during lactation as LCFA
decrease. MCFA are synthesized exclusively by the mammary
gland (29); this organ is not completely mature at the moment
of birth and so, at the beginning of lactation, most milk FA,
whose origin is in plasma, are LCFA. Since the lactating
neonate promotes maturation of the mammary gland (by suck-
ling), this assumes the de novo synthesis of FA, increasing the
proportion of MCFA (30). The lower band of GD3, corre-
sponding to a ceramide with a higher content in MCFA, in-
creased during lactation. Although the total FA composition of
human milk shows a decrease in VLCFA during lactation (31),
our values remained constant in all three stages. A similar situ-
ation also has been observed in the FA composition of sphin-
golipids (32), which share a common synthesis pathway with
gangliosides. Nevertheless, as regards the degree of saturation,
the global ratio between SFA and unsaturated FA remained
constant during lactation. 

Gangliosides in human milk could play an important defen-
sive role by inhibiting the growth of and preventing infections
by enteropathogenic bacteria. Some human ETEC strains ex-
pressing CFA/I and some expressing CFA/IV have been de-
scribed previously as being able to recognize asialo-GM1, and
several studies have described the binding of CFA/I adhesins to
several sialoglycoconjugates (33). In our study, we observed
recognition between GM3 and the ETEC strain expressing

CFA/II. However, this only occurred with GM3 from mature
milk. Might this be due to a difference in ceramide composition?
To determine the biological significance of FA changes, mem-
brane fluidity should be addressed. Changes in the FA content
could control the membrane fluidity; unsaturated and short struc-
tures suggest a looser membrane than that with long and saturated
ceramides. This could also affect the capacity of ceramides to pre-
sent the oligosaccharidic part of the ganglioside to a possible re-
ceptor, i.e., the accessibility of the ganglioside. We are unaware
whether any of these aspects might be involved in the recognition
capacity of the ETEC strain by GM3 from mature milk. Never-
theless, it is clear that whereas GM3 in mature milk represents
more than 50% of total gangliosides, it is not very abundant in the
other stages. Furthermore, unlike many animal ETEC, human
ETEC fimbriae have only one adhesin molecule at the end of the
fimbria, which certainly limits their adhesion ability. Thus,
whether human milk gangliosides might play a defensive role in
inhibiting bacterial adhesion needs further investigation.
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TABLE 3
Individual FA Compositiona (%) of the Two Main Gangliosides Found in Human Colostrum
and Mature Milk

GD3 GM3

FA Colostrum Mature milk Colostrum Mature milk

10:0 0.1 ± 0.03 8.2 ± 0.63 0.2 ± 0.04 6.5 ± 1.4
12:0 0.1 ± 0.01 9.7 ± 0.71 0.5 ± 0.08 7.1 ± 1.2
14:0 3.6 ± 0.41 7.4 ± 0.53 3.8 ± 0.32 5.7 ± 0.83
15:0 2.0 ± 0.62 0.2 ± 0.06 0.5 ± 0.06 1.1 ± 0.04
16:0 17.0 ± 1.94 10.1 ± 1.43 23.0 ± 1.77 13.9 ± 1.84
16:1 3.0 ± 0.58 1.7 ± 0.34 2.3 ± 0.21 3.2 ± 0.23
17:0 2.4 ± 0.49 0.6 ± 0.1 1.0 ± 0.1 1.1 ± 0.47
18:0 21.1 ± 1.74 11.9 ± 1.21 25.1 ± 2.76 17.2 ± 1.93
18:1 20.5 ± 2.0 10.4 ± 1.17 18.1 ± 1.93 12.5 ± 1.13
18:2 3.5 ± 0.83 3.7 ± 0.72 4.0 ± 0.98 3.6 ± 0.54
18:3 5.4 ± 1.1 6.7 ± 0.92 7.1 ± 0.65 5.5 ± 0.84
18:4 4.5 ± 0.74 12.5 ± 1.33 4.2 ± 0.31 10.2 ± 0.62
20:0 1.3 ± 0.1 1.1 ± 0.24 0.4 ± 0.15 0.2 ± 0.05
20:1 1.9 ± 0.34 6.8 ± 0.49 0.4 ± 0.03 0.9 ± 0.1
20:2 1.0 ± 0.06 0.0 0.8 ± 0.2 0.3 ± 0.15
21:0 1.8 ± 0.15 0.0 0.5 ± 0.1 0.5 ± 0.16
20:4 1.9 ± 0.34 2.9 ± 0.39 1.3 ± 0.26 1.1 ± 0.31
22:0 3.0 ± 0.1 1.1 ± 0.25 0.4 ± 0.06 4.8 ± 0.56
23:0 1.0 ± 0.3 0.0 0.2 ± 0.01 0.0
24:0 4.9 ± 0.6 6.0 ± 0.44 6.2 ± 0.9 4.8 ± 0.72
aValues are expressed as means ± SD of three different experiments.

FIG. 4. Adhesion of the CFA/II-adhesin expressing ETEC (enterotoxi-
genic Escherichia coli )-23 strain to human milk gangliosides. (a) Anti-E.
coli antibody development. (b) Chemical (orcinol reagent) develop-
ment. No bacteria are present. For solvent system see Figure 1. CFA/II,
colonization factor antigen II; for other abbreviations see Figure 2.
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ABSTRACT: Several psychiatric disorders, including juvenile At-
tention Deficit/Hyperactivity Disorder (ADHD), have been asso-
ciated with abnormalities of certain long-chain PUFA (LCPUFA).
Despite this reported association, the FA levels of patients with
the adult form of ADHD have not previously been evaluated. In
this study we measured the total blood phospholipid FA concen-
trations in 35 control subjects and 37 adults with ADHD symp-
toms to determine whether adults with ADHD symptoms would
show abnormalities of FA relative to control subjects. In the
serum phospholipids, adults with ADHD symptoms had signifi-
cantly lower levels of total saturated, total polyunsaturated, and
total omega-6 (n-6) FA, as well as the omega-3 (n-3) LCPUFA
DHA (22:6n-3), and significantly higher levels of total monoun-
saturated FA and the n-3 LCPUFA docosapentaenoic acid (22:5n-3).
In the erythrocyte membrane phospholipids, adults with ADHD
symptoms had significantly lower levels of total PUFA, total n-3
FA, and DHA, and significantly higher levels of total saturated FA.
Neither serum nor erythrocyte membrane phospholipid DHA was
related to ADHD symptom severity (as assessed by the Amen
questionnaire) in ADHD subjects. Although the exact cause of
these variations is unknown, both environmental and genetic fac-
tors may be involved.

Paper no. L9367 in Lipids 39, 117–123 (February 2004). 

Omega-3 and omega-6 (n-3 and n-6, respectively) FA are
considered essential as they cannot be synthesized by mam-
malian cells and must be obtained from the diet. The essen-
tial n-3 FA α-linolenic acid (ALA; 18:3n-3) and the essential
n-6 FA linoleic acid (LA; 18:2n-6) can undergo elongation,
desaturation, and β-oxidation to form the n-3 long-chain
PUFA (LCPUFA) EPA (20:5n-3), docosapentaenoic acid
(DPA; 22:5n-3), and DHA (22:6n-3), and the n-6 LCPUFA
γ-linolenic acid (GLA; 18:3n-6), dihomo-γ-linolenic acid
(DGLA; 20:3n-6), and arachidonic acid (AA; 20:4n-6), re-
spectively (1). As primary constituents of the cell membrane
phospholipid bilayer, FA, particularly DHA and AA, make up
a large proportion of the brain’s lipids (2). The prominent
structural role of FA in the brain translates into a functional

role, since they affect membrane-associated proteins such as
transporters, enzymes, and receptors (3,4).

Attention Deficit/Hyperactivity Disorder (ADHD) is a
condition involving “a persistent pattern of inattention and/or
hyperactivity-impulsivity that is more frequent and severe
than is typically observed in individuals at a comparable level
of development” (5). Although originally thought to occur
only in children, it is now recognized that in up to 60% of suf-
ferers ADHD persists into adulthood (6). In adults, ADHD is
manifested by disorganization, impulsivity, and poor work
skills, and sufferers tend to be impatient and easily bored (7).
The Diagnostic and Statistical Manual of Mental Disorders,
4th edn., requires evidence of hyperactive-impulsive or inat-
tentive symptoms to be present before age 7, although indi-
viduals are often diagnosed after the symptoms have been
present for several years (5). Since no specific test is diagnostic
of ADHD, making an accurate diagnosis is difficult, especially
in adults (7). 

There is emerging evidence that LCPUFA abnormalities
may play a role in a wide range of learning and mood disor-
ders, including ADHD (8–26). Several FA, including AA (9),
EPA (9), and DHA (8,10), are present at abnormal levels in
children with ADHD. Despite this reported association, the
same relationship has not been reported previously in adults.
Based on this link, investigation to determine whether there
is also an association in adults is warranted. The present study
measured erythrocyte membrane and serum phospholipid FA
concentrations in control subjects and in adults with ADHD
symptoms, and the prospectively defined hypothesis was that
adults with ADHD symptoms would show abnormalities of
certain LCPUFA, particularly DHA, EPA and AA, relative to
control subjects.  

MATERIALS AND METHODS

Subjects. Eighty-eight subjects aged 18 to 65 yr were re-
cruited by advertisements and flyers in the local community.
Inclusion criteria for adults with ADHD symptoms included
a previous diagnosis of ADHD by a physician, based on a com-
prehensive psychological evaluation, and the ability to give in-
formed consent. Because the physician evaluations were not
performed using uniform criteria, these subjects were labeled
“adults with ADHD symptoms,” although all subjects had in
fact been previously diagnosed with ADHD. Both control and
ADHD subjects were excluded for one or more of the following
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reasons: (i) diagnosis of another psychiatric disorder (as re-
ported by the subject), (ii) use of dietary supplements (other
than vitamins/minerals) within the past month, (iii) use of n-3
FA supplements within the past 6 mon, (iv) history of head in-
juries or seizures, (v) diagnosis of a lipid metabolism disorder
or other serious chronic condition, and (vi) consumption of fish
more than once per week. Of the 88 subjects screened, 14 were
excluded due to a lack of formal diagnosis of ADHD by a
physician, 1 was excluded owing to use of fish oil supplements
within the last 6 mon, and 1 was excluded owing to use of
flaxseed oil supplements within the last 6 mon. This left 72 sub-
jects, 37 adults with ADHD symptoms and 35 control. ADHD
subjects were not excluded on the basis of pharmacological
treatment for their condition. ADHD subjects also were not
screened for their use of alcohol, tobacco, or recreational drugs.
This study was approved by the Research Ethics Board of the
University of Guelph.

Behavior assessment. All subjects completed a questionnaire
developed by Dr. D. Amen designed to identify and classify
ADHD subtypes in adults (27). Questionnaires were graded,
with 1 point given for each score of 3 (symptom is experienced
frequently) or 4 (symptom is experienced very frequently). The
questionnaire has a highest possible score of 71. The Amen
questionnaire was not used to diagnose ADHD but rather served
to highlight the differences in ADHD symptoms between adults
with ADHD symptoms and control subjects. Quantitatively as-
sessing ADHD symptoms also allowed investigation of a corre-
lation between FA levels and symptom severity. 

Preparation of sample. All subjects had nonfasting venous
blood drawn into heparinized tubes. Whole blood was then
centrifuged at room temperature for 10 min at 1000 × g, and
red blood cells (RBC) were separated from serum. For 30
ADHD subjects, nonfasting blood was also obtained by the fin-
ger prick method for serum isolation. Whole blood was cen-
trifuged at room temperature for 10 min at 1250 × g and serum
obtained. Serum was stored at –20°C until further analysis.
Serum samples were stored for a period of 1–4 mon. Phospho-
lipid FA in serum obtained by venipuncture were analyzed for
42 subjects (7 ADHD and 35 control) and by the finger prick
method for the remaining 30 ADHD subjects. 

For RBC membrane isolation, cells were washed in cold
PBS (pH 7.4) and centrifuged at 1200 × g for 10 min at 4°C
(repeated twice). Cells were then lysed in PBS (pH 8) and cen-
trifuged at 20,000 × g for 10 min at 4°C (repeated four times).
Isolated RBC membranes were stored at –20°C until further
analysis. All samples were stored under nitrogen gas to reduce

LCPUFA oxidation. RBC membrane samples of ADHD sub-
jects were stored for 1–2 mon, whereas those of control sub-
jects were stored for a period of 2 to 3 mon. 

Extraction of lipid. RBC membrane lipids were extracted
using chloroform/methanol (2:1), the volume of which was 20
times greater than that of the sample. Serum lipids were ex-
tracted using equal volumes of chloroform/methanol (2:1) in
the presence of 17:0 internal standard. TLC was used to sepa-
rate the lipid fraction from both the RBC membranes and
serum using hexane/isopropyl ether/acetic acid (60:40:30, by
vol) as the solvent system. The samples were spotted on silica
gel TLC plates and allowed to develop within 2 cm of the top
of the plate, after which the plates were removed and air-dried.
The phospholipid bands were scraped, and a methylating
agent (6% H2SO4 in methanol) was added. Five micrograms
of 17:0 internal standard was added to the RBC solution. All
samples were heated for 60 min at 80°C, and lipids were ex-
tracted with n-hexane. The FAME were analyzed by GC at
the Lipid Analytical Laboratory (Guelph, Ontario, Canada)
with a Varian 3800 gas chromatograph (Palo Alto, CA)
equipped with a 30-m DB-23 capillary column (0.32 mm i.d.,
0.1 µm film thickness; Varian). The sum of FA from 14:0 to
24:1 was taken as 100, and levels of individual FA were ex-
pressed as a percentage of this sum.

Statistical analysis. Statistical analysis was performed
using SPSS version 11.5 (SPSS, Inc., Chicago, IL) statistical
software. Data were examined for normality of distribution
by using frequency distribution plots. Levels of the individ-
ual and groups of FA were compared between ADHD and
control groups using Mann–Whitney nonparametric tests
since the data were not normally distributed. A total of 26
comparisons were made. The Amen questionnaire scores and
demographic data also were analyzed using Mann–Whitney
tests, again owing to a lack of normal data distribution. Lin-
ear regression was used to investigate the relationship between
both serum and erythrocyte DHA levels and Amen question-
naire scores. The P value was set at 0.03 because of the in-
creased likelihood of significant results appearing by chance
due to the number of comparisons performed. 

RESULTS 

Thirty-five control and 37 ADHD subjects completed the
study. The two groups did not differ with respect to age or
sex, as shown in Table 1. There was a statistically significant
difference between the scores of the two groups on the Amen
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TABLE 1
Subject Characteristics of Control Adults and Adults with ADHD Symptomsa

Control ADHD P value Z value

Age 29.97 ± 12.99 30.59 ± 13.57 NS –0.21
Sex (males/females) 16/19 19/18 NA NA
Amen questionnaire resultsb 4.23 ± 4.24 32.65 ±16.54 <0.001 –7.14
aValues are reported as mean ± SD for n = 35 (control) and 37 (ADHD).
bScore out of a possible score of 71. ADHD, Attention Deficit/Hyperactivity Disorder; NA, not ap-
plicable; NS, not significant.



questionnaire, with adults with ADHD symptoms scoring
much higher than control subjects.

Table 2 shows the total serum phospholipid FA concentra-
tions of ADHD and control subjects as a percentage of total
FA. Serum FA values were not obtained for one subject due
to technical difficulties. In the serum phospholipids, adults
with ADHD symptoms had significantly lower levels of total
saturated, total polyunsaturated, and total n-6 FA, as well as
the n-3 LCPUFA DHA, and significantly higher levels of total
monounsaturated FA and the n-3 LCPUFA DPA.

Table 3 shows the total RBC membrane phospholipid FA
concentrations of ADHD and control subjects as a percentage
of total FA. RBC FA values were not obtained from one sub-
ject due to difficulty drawing blood by venipuncture. Adults
with ADHD symptoms had significantly lower levels of total
PUFA, total n-3 FA, and DHA, and significantly higher levels
of total saturated FA. 

Figure 1 illustrates the relationship between RBC mem-
brane phospholipid DHA and Amen questionnaire scores.
There was no significant association between these variables
(r = 0.271). There was also no significant association be-
tween serum phospholipid DHA and Amen questionnaire
scores (r = 0.150). 

DISCUSSION

The objective of this study was to determine whether abnor-
malities of LCPUFA are present in adults with ADHD symp-
toms. Our primary finding was a decrease of DHA in both
erythrocyte membrane and serum phospholipids. Since FA
levels are expressed as a percentage of total weight, the de-
crease in DHA resulted in decreased levels of total PUFA in
both blood fractions, as well as total n-3 FA in erythrocyte
membranes. As well, adults with ADHD symptoms showed
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TABLE 2
Total FA Analysis of Serum Phospholipids in Control Adults and Adults with ADHD 
Symptoms (wt%)a

FA Control ADHD P value Z value

Saturated 46.24 ± 1.12 43.53 ± 2.03 <0.001 –4.44
Monounsaturated 10.55 ± 1.20 13.33 ± 2.17 <0.001 –5.48
Polyunsaturated 43.21 ± 1.52 40.37 ± 2.43 0.001 –3.47

n-6 38.15 ± 1.83 35.48 ± 2.61 0.007 –2.71
LA 23.30 ± 2.81 21.30 ± 2.98 NS –1.39
GLA 0.08 ± 0.05 0.11 ± 0.07 NS –1.94
DGLA 2.29 ± 0.62 2.82 ± 0.69 NS –0.55
AA 10.79 ± 2.11 10.06 ± 1.51 NS –1.17

n-3 5.06 ± 1.08 4.89 ± 1.36 NS –0.83
ALA 0.23 ± 0.09 0.28 ± 0.16 NS –1.60
EPA 0.66 ± 0.24 0.72 ± 0.330 NS –0.53
DPA 0.83 ± 0.21 0.99 ± 0.22 0.002 –3.08
DHA 3.23 ± 0.98 2.69 ± 1.10 0.009 –2.62

aValues are reported as mean ± SD for n = 35 (control) and 36 (ADHD) individuals. LA, linoleic acid;
GLA, γ-linolenic acid; DGLA, dihomo-γ-linolenic acid; AA, arachidonic acid; ALA, α-linolenic acid;
DPA, docosapentaenoic acid; for other abbreviations see Table 1.

TABLE 3
Total FA Analysis of RBC Membrane Phospholipids in Control Adults and Adults with ADHD
Symptoms (wt%)a

FA Control ADHD P value Z value

Saturated 44.59 ± 6.61 44.84 ± 3.32 0.004 –2.87
Monounsaturated 17.74 ± 2.06 18.70 ± 1.99 NS –0.82
Polyunsaturated 37.67 ± 5.44 36.47 ± 3.91 0.020 –2.29

n-6 30.53 ± 4.47 29.95 ± 3.76 NS –1.34
LA 10.33 ± 1.58 9.96 ± 1.15 NS –1.60
GLA 0.07 ± 0.12 0.05 ± 0.06   NS –1.14
DGLA 1.69 ± 0.65 1.65 ± 0.46   NS –0.68
AA 13.96 ± 2.52 13.70 ± 2.30 NS –1.04

n-3 7.14 ± 1.57 6.52 ± 1.29   0.01 –2.49
ALA 0.09 ± 0.07 0.10 ± 0.09    NS –0.43
EPA 0.46 ± 0.25 0.45 ± 0.21   NS –0.20
DPA 2.57 ± 0.65 2.64 ± 0.61    NS –0.09
DHA 3.92 ± 1.03 3.19 ± 0.94   <0.001 –3.49

aValues are reported as mean ± SD for n = 35 (control) and 36 (ADHD) individuals. RBC, red blood
cell; for other abbreviations see Tables 1 and 2.



decreased levels of total n-6 FA in serum phospholipids, al-
though individual n-6 FA were not significantly affected.
Total monounsaturated FA and the n-3 FA DPA were in-
creased in serum phospholipids. Levels of DHA in blood
phospholipids were not correlated with symptom severity.

Previous studies have suggested a relationship between LC-
PUFA abnormalities and ADHD in children. In 1981, it was ob-
served that hyperactive children showed increased thirst relative
to children without hyperactivity (28). Increased thirst may be a
symptom of EFA deficiency (29). In 1987, Mitchell et al. (8)
showed that hyperactive children reporting significantly greater
thirst did in fact have lower plasma levels of the n-6 FA DGLA
and AA and the n-3 FA DHA. Since then, low levels of various
LCPUFA have been found in children with ADHD including
AA (9), EPA (9), and most commonly, DHA (8,10). Stevens et
al. (9) also found that a greater number of behavior, learning,
and health problems were reported in subjects with lower con-
centrations of total n-3 FA. 

As a result of the observed LCPUFA abnormalities in child-
hood ADHD, clinical trials have been conducted using a variety
of FA to treat the disorder. These trials have yielded mixed re-
sults. In 1987, children with marked inattention and hyperactiv-
ity were supplemented for a period of 4 wk with a combination
of LA and GLA. There was minimal or no improvement in
symptoms, depending on the outcome measure used (30). In
2001, Voigt et al. (11) treated ADHD children with DHA from
an algal source for a period of 4 mon and observed no decrease
in symptoms between treated and control subjects, although they
did observe an increase in plasma DHA of 260%. And in 2002,
Richardson and Puri (31) found that 12 wk of treatment with
DHA and evening primrose oil, a source of GLA, improved
mean scores for cognitive and general behavior problems on 7
out of 14 scales, vs. no improvement with placebo. Because dif-
ferent treatments, procedures, measures, and selection criteria
were used in these trials, it is difficult to make comparisons be-
tween them. At this time, there is no clear evidence to suggest
that supplementation with any particular LCPUFA or combina-
tion thereof is an effective treatment for ADHD in children.
There have been no trials investigating the effect of LCPUFA
supplementation in adults with ADHD.

ADHD in both children and adults is characterized by dif-
ficulties regulating attention and/or monitoring their motor
behavior or impulses (32). Dopamine, which acts as a modu-

lator of attention, motivation, and emotion (33), may serve as
a link between abnormalities of LCPUFA, particularly DHA,
and ADHD. Although very little research has been done on
humans, single-emission computed tomography has found
that adults with ADHD exhibit increased striatal availability
of a dopamine transporter (32), and medications used to treat
ADHD commonly exert their effect via inhibition of this
transporter (34). Animal studies have demonstrated that sev-
eral aspects of dopamine physiology are affected by levels of
FA intake. It has been observed that when piglets are fed a
diet deficient in AA and DHA, but adequate in levels of ALA
and LA, there is a decrease in dopamine concentration in the
frontal cortex (35). Furthermore, when rats are fed a diet defi-
cient in both short- and long-chain n-3 FA, there is inadequate
storage of newly synthesized dopamine (36) and an overall
reduction in the dopaminergic vesicle pool (37). Alterna-
tively, when rats are fed fish oil containing EPA and DHA,
there is a 40% increase in frontal cortex dopamine concentra-
tions as well as a greater binding to dopamine D2 receptors
(38). The low levels of DHA observed in this study could
therefore theoretically affect the availability of dopamine,
which could subsequently result in impaired attention, moti-
vation, and emotion, which are classical symptoms of ADHD.

As the basic structural components of phospholipids, FA
can be found in different locations in the body, including
serum and RBC membranes. The levels of both serum (39,40)
and RBC (41) phospholipid FA that we observed are similar
to those observed in other studies. Phospholipids in different
locations contain different proportions of each FA, as is
demonstrated in Tables 2 and 3. Phospholipids in different lo-
cations also respond differently to dietary FA manipulation.
Serum phospholipid FA reflect the dietary intakes of the past
few days (42), whereas erythrocyte membrane phospholipid
FA reflect the dietary intakes of the past month (43). As com-
pared with the response of serum phospholipids, erythrocytes
show less response to dietary change, but their phospholipid
FA composition is more stable than that of serum owing to
the high turnover rate of FA in the former (44). This likely ac-
counts for the differences that we observed in serum and
erythrocyte FA. It has been demonstrated that both serum
(45,46) and erythrocyte (47) phospholipid EPA and DHA are
correlated with fish consumption, so dietary intake of the n-3
LCPUFA may be accurately reflected in both of these pools
of lipids. In this study, we attempted to control for intake of
flaxseed and fish oils, which are major contributors of short-
and long-chain n-3 FA to the diet, but in the absence of di-
etary record analysis it is not possible to determine whether
differences in dietary intake existed between the two groups
of subjects. Therefore, diet may be a contributing cause to the
FA abnormalities that we observed.

In addition to differences in dietary intake, it has been sug-
gested that LCPUFA abnormalities may be due to differences
in metabolism. As previously mentioned, the EFA must un-
dergo complex biotransformation in order to be converted
into their long-chain derivatives, and individuals vary in the
efficiency of their conversion mechanisms (1). The hypothe-
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FIG. 1. Correlation between red blood cell (RBC) DHA and Amen ques-
tionnaire scores.

r = 0.271
P = 0.11



sis that the LCPUFA abnormalities observed in ADHD pa-
tients may be associated with inefficient conversion of short-
chain FA is supported by the fact that serum zinc levels have
been found to be significantly associated with low EFA levels
in children with ADHD (48), and zinc deficiency inhibits the
∆6-desaturase enzyme (8). Both ∆6-desaturase (49) and ∆5-
desaturase (50) enzymes are highly active in the brain, making
them candidates for involvement in this disorder. Phospholi-
pase A2 (PLA2), an enzyme that acts to remove highly unsat-
urated FA from the sn-2 position of membrane phospholipids
(51), is another possible candidate. PLA2 has been implicated
in several neurodevelopmental and psychiatric conditions, in-
cluding dyslexia (52), depression and bipolar disease (53),
schizophrenia (16,17), and Alzheimer’s disease (54). ADHD
is commonly co-morbid with dyslexia (55), depression (56),
and bipolar disease (23). 

In fact, it is estimated that 75% of adults with ADHD suf-
fer from other psychiatric disorders (57), and LCPUFA ab-
normalities have been implicated in many such conditions,
including dyslexia (57), depression (12–15), schizophrenia
(16–18), autism (58,59), and bipolar disorder (20). In dyslexia,
the severity of the disorder has been shown to be related to
the degree of clinical signs of deficiency (60). Although one
of the exclusion criteria in this study was a diagnosis of an-
other psychiatric condition, since this information was self-
reported, it is possible that our ADHD subjects suffered from
other psychiatric disorders. Furthermore, we did not control
for the use of substances such as alcohol or tobacco. Adults
with ADHD show a high frequency of substance abuse disor-
ders (56), and both alcohol (61) and tobacco (62,63) use have
been shown to affect levels of LCPUFA adversely. Together,
these factors make it difficult to conclude that the observed
correlation in this study between LCPUFA abnormalities and
ADHD symptoms has not been confounded by other condi-
tions also known to involve variations in FA levels.

LCPUFA in the RBC membranes of autistic subjects ex-
hibit an increased level of degradation relative to control sub-
jects when stored at –20°C (58), and it has been shown that
there is a high degree of clinical overlap between autism and
ADHD (57). Schizophrenic patients also show an increased
rate of LCPUFA degradation at –20°C relative to control sub-
jects, although it may be that this increased degradation is lim-
ited to a subset of patients with schizophrenia (64). Conversely,
it has been shown that patients with Asperger’s syndrome, a
condition that shows clinical overlap with autism (65) and is
considered by some to be a condition of high-functioning
autism (66), show unusually stable RBC membrane LCPUFA
when stored at –20°C (58). This variation in stability of mem-
brane LCPUFA at low temperatures has been attributed to
variations in phospholipase activity, with low activity increas-
ing the stability at low temperatures and high activity decreas-
ing it (58). Although the degradation of LCPUFA in RBC
membranes of ADHD subjects at –20°C has not previously
been evaluated, it is possible that they might also show an in-
creased rate relative to control subjects. This is an issue that
should be investigated in the future and may be a contributing

factor to the low level of DHA observed in this study. How-
ever, the similarity between levels of serum and erythrocyte
membrane DHA, and the short storage period of all samples,
suggests that degradation due to storage temperature was
minimal.

It is unclear whether peripheral LCPUFA composition re-
flects the phospholipid composition of neuronal membranes.
Preliminary data in schizophrenic patients do suggest a corre-
lation between RBC membrane phospholipid composition
and that of the brain, although such a correlation does not nec-
essarily indicate a causal relationship (67). In this study, we
observed low levels of the LCPUFA DHA in both the serum
and RBC membrane phospholipids of adults with ADHD
symptoms, and although the exact cause of this abnormality
is unknown, both environmental and genetic factors may be
involved. This observation is complicated by the fact that
adult ADHD often co-exists with other psychiatric conditions
known to involve alterations of LCPUFA, and by the possi-
bility of enhanced degradation of these FA following storage
at –20°C. Regardless, the body of evidence does appear to
suggest that abnormalities of LCPUFA can contribute to
deficits in concentration, and understanding the precise role
of these FA in cognitive processes, as well as the etiology of
LCPUFA abnormalities in conditions such as adult ADHD,
may prove useful in their management and treatment.
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ABSTRACT: This experiment was designed to study the effects in
fattening steers of n-6 PUFA supplementation on the plasma distri-
bution and chemical composition of major lipoproteins (TG-rich
lipoproteins: d < 1.006 g/mL; intermediate density lipoproteins +
LDL: 1.019 < d < 1.060 g/mL; light HDL: 1.060 < d < 1.091 g/mL;
and heavy HDL: 1.091 < d < 1.180 g/mL). For a period of 70 d,
animals [454 ± 20 d; 528 ± 36 kg (mean ± SD)] were given a con-
trol diet (diet C, n = 6) consisting of hay and concentrate mixture
(54 and 46% of diet dry matter, respectively) or the same diet sup-
plemented with sunflower oil (4% of dry matter), given either as
crushed seeds (diet S, n = 6) or as free oil continuously infused
into the duodenum through a chronic canula to avoid ruminal
PUFA hydrogenation (diet O, n = 6). Plasma lipids increased in
steers given diet S (×1.4, P < 0.05) and diet O (×2.3, P < 0.05),
leading to hyperphospholipemia and hypercholesterolemia. With
diet S, hypercholesterolemia was associated with higher levels of
light (×1.4, P < 0.05) and heavy HDL (×1.3, NS). With diet O, it
was linked to higher levels of light HDL (×1.8, P < 0.005) and to
very light HDL accumulation within density limits of 1.019 to
1.060 g/mL, as demonstrated by the apolipoprotein A-I profile. Diet
O favored incorporation of 18:2n-6 into polar (×2.2, P < 0.05) and
neutral lipids (×1.5 to ×8, P < 0.05) at the expense of SFA, MUFA,
and n-3 PUFA. Thus, protection of dietary PUFA against ruminal
hydrogenation allowed them to accumulate in plasma lipoproteins,
but the effects of hypercholesterolemia on animal health linked to
very light HDL accumulation remain to be elucidated.

Paper no. L9404 in Lipids 39, 125–133 (February 2004).

Cardiovascular disease is the main cause of death in humans in
industrialized countries. It is closely related to dietary condi-
tions, particularly to the amount and type of FA ingested (1).
The PUFA content of human diets is low in comparison with
that of saturated FA (SFA), since the quantity of animal fats
available is twice that of vegetable oils (2). Unlike feeding
monounsaturated FA (MUFA) and PUFA, feeding SFA and
trans-MUFA increases the LDL cholesterol/HDL cholesterol
ratio in plasma, which is one of the main risk factors for car-
diovascular disease (3,4). Therefore, dietary lipids, in addition
to their contribution to energy needs (33% energy), should pro-

vide 8, 20, and 5% of this energy from SFA, MUFA, and
PUFA, respectively (1). Moreover, the optimal n-6/n-3 PUFA
ratio must be close to 5 for the maximum beneficial effect (1).
Therefore, beef in which the PUFA content represents less than
7% of total FA (5) is considered unfavorable for human health. 

To make bovine products (meat and milk) more attractive
for consumption, many studies have aimed at increasing its
PUFA/SFA ratio by nutritional means. Ruminants have been
given rations containing high levels of lipids rich in PUFA (6)
of plant origin either as crushed or extruded seeds or as free oil
(7). In these nutritional studies, the authors have focused
mainly on the impact on rumen metabolism and on the di-
gestibility of lipids, animal performance, and the nutritional
and organoleptic quality of the meat (7,8). Moreover, numer-
ous data have been obtained from lactating cows concerning
the effect of PUFA supplementation on animal metabolism.
The main effects are increases in plasma total lipids, choles-
terol, TG, phospholipids (PL), and nonesterified FA (7,9). One
of the major consequences can be a lipid infiltration of the liver
promoted by a higher uptake of nonesterified FA (9–12). This
favors the appearance of ketoacidosis, to the detriment to the
health and reproductive performance of the animal (9). Other
studies have demonstrated that the type of FA influences ovar-
ian structures and reproductive performance (13–15), particu-
larly, that dietary PUFA can inhibit prostaglandin production
(16). However, in none of these studies has much notice been
taken of the consequences of such PUFA supplementation on
lipoprotein metabolism.

In mammals, dietary FA are known to modify lipids and
lipoprotein metabolism. The lowering effect of PUFA on
plasma LDL cholesterol is well documented in humans and
other LDL mammals (1,3,4). By contrast, in the bovine, an
HDL mammal (9), the effects of dietary PUFA on lipoprotein
metabolism have not been clearly defined since they depend on
the composition and degree of protection against biohydro-
genation (17). 

The present experiment was designed to determine the ef-
fects of dietary n-6 PUFA on plasma density distribution and
the chemical composition of lipoproteins in fattening steers.
Sunflower oil, a source of dietary n-6 PUFA, was given either
as crushed seeds incorporated into the ration, favoring partial
biohydrogenation of PUFA by rumen bacteria (“unprotected”
form), or as free oil continuously infused into the duodenum,
avoiding ruminal PUFA hydrogenation (“protected” form).
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EXPERIMENTAL PROCEDURES

Animals and diets. Experiments were performed using 18
crossbred Charolais × Salers steers [454 ± 20 d old; live weight:
528 ± 36 kg (mean ± SD)] and covered a 70-d period. Animals
were randomly divided into three groups (n = 6) on the basis of
live weight and daily gain. The control diet (diet C) consisted
of 540 g natural-grass hay and 460 g concentrate on a dry mat-
ter basis. The average composition of the concentrate mixture
was (in g/kg) 575 corn seed, 240 soybean meal, 120 dehydrated
alfalfa, 20 cane molasses, 25 urea, and 20 vitamin and mineral
mix. The two experimental diets consisted of the same basic
diet to which was added 40 g sunflower oil per kilogram DM,
given as sunflower seeds incorporated into the feed (diet S) or
as sunflower oil continuously infused into the proximal duode-
num through a chronic canula (diet O). The three diets were
designed to be isoenergetic and isonitrogenous. Ingestion of
DM per day was 6.702 (±0.986), 6.797 (±0.965), and 6.730
(±0.967) kg per animal in diet groups C, S, and O, respectively.
The FA composition of the three diets is given in Table 1.
Crushed sunflower seeds and the corresponding free oil were
provided by Vamo Mills Society (Lezoux, France).

Blood samples. Blood samples (300 mL) were collected at
the end of the experimental period and just before the morning
meal from the jugular vein in Na2-EDTA, Na-azide, and
Merthiolate (final concentration 3 mM, 0.01 and 0.001%, re-
spectively). Plasma was separated by centrifugation at 2700
× g for 10 min at 15°C in a Centrikon H-401 ultracentrifuge
equipped with an A6-14 fixed-angle rotor (Kontron Analysis
Division, Zürich, Switzerland). Five 500-µL fractions of
plasma were stored at −20°C until lipid and apolipoprotein
(apo) analysis, and 120 mL of plasma was kept at 4°C for 48 h
maximum until lipoprotein fractionation.

Lipoprotein isolation. To determine the density distribution
of lipoprotein subfractions, separation of plasma lipoproteins
was performed in a Centrikon T-2060 ultracentrifuge equipped
with a TST 41-14 swinging-bucket rotor (Kontron Analysis Di-
vision). TG-rich lipoproteins (TGRLP, d < 1.018 g/mL) were
first removed from plasma by ultracentrifugal flotation at
205,000 × g for 16 h at 15°C (12). From this plasma without
TGRLP, lipoprotein fractions were then isolated by ultracen-

trifugation in a discontinuous density gradient as described by
Bauchart et al. (18). These gradients were subsequently cen-
trifuged for 46 h at 205,000 × g at 15°C and divided into 22 suc-
cessive fractions ranging in density from 1.006 to 1.180 g/mL.
Lipoprotein fractions were then dialyzed at 4°C for 7 h against
a buffer (pH 8.6) containing 0.02 M NH4HCO3, 1.5 mM NaN3,
and 1 mM Na2-EDTA in a Gibco BRL Microdialysis System
(Bethesda Research Laboratories, Rockville, MD) equipped
with membranes with cutoff at 12,000–14,000 Da M.W.

As previously described by Bauchart et al. (18), TGRLP
were defined as lipoproteins of d < 1.018 g/mL, intermediate
density lipoproteins (IDL) as lipoproteins of d 1.018 to 1.026
g/mL, LDL as lipoproteins of d = 1.026 to 1.060 g/mL, light
HDL as lipoproteins of d = 1.060 to 1.091 g/mL, and heavy
HDL as lipoproteins of d = 1.091 to 1.180 g/mL.

To analyze the FA composition of the major lipid classes
(neutral and polar lipids) of these main lipoprotein families,
lipoproteins were purified from plasma by sequential ultracen-
trifugal flotation according to Leplaix-Charlat (19) using a Cen-
trikon T-2060 ultracentrifuge equipped with the TFT 38-70
fixed-angle rotor (Kontron Analysis Division). Briefly, the den-
sity of plasma without TGRLP was adjusted to 1.060 g/mL by
addition of potassium bromide (KBr) salt, and IDL + LDL were
isolated after 20 h of centrifugation at 120,000 × g at 15°C. The
density of the remaining plasma was then adjusted to 1.091 and
1.180 g/mL with KBr salt to isolate light and heavy HDL, re-
spectively, by centrifugation (24 h, 120,000 × g, 15°C). 

Chemical analysis. Concentrations of the different lipid
classes (free cholesterol, FC; cholesteryl esters, CE; TG; PL)
in plasma or in lipoprotein subfractions were determined enzy-
matically as described previously by Leplaix-Charlat et al.
(12). TG and FC analyses used the reagent Kit Cholesterol Liq-
uide and Cholesterol Libre Enz. Color, respectively, supplied
by Biotrol Diagnostic (Chennevières-lès-Louvres, France). TG
content was determined using the reagent Kit PAP 150 (ref.
61236) supplied by BioMérieux (Charbonnières-les-Bains,
France). PL were determined by the enzymatic method of
Trinder using a BioMérieux kit PAP 150 (ref. 61491). 

Immunological analysis. Concentrations of apoA-I and
apoB in plasma and in lipoprotein fractions were estimated by
the technique of Mancini adapted to the bovine by Auboiron
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TABLE 1
Composition of Main FA Expressed as the Percentage of Total FA and as g/kg Dry Matter (DM)/d
of the Three Diets Given to Steersa

Diet C Diet S Diet O

FA % of total FA g/kg DM/d % of total FA g/kg DM/d % of total FA g/kg DM/d

14:0 1.4 0.3 0.5 0.3 0.6 0.3
16:0 20.8 4.1 11.0 6.0 11.1 5.7
16:1 1.4 0.3 0.5 0.3 0.6 0.3
18:0 2.4 0.5 3.7 2.0 3.4 1.8
18:1 12.8 2.6 20.5 11.2 19.3 10.0
18:2n-6 30.2 6.0 52.2 28.6 52.0 26.8
18:3n-3 21.3 4.2 7.6 4.2 8.3 4.3
Others 9.7 2.0 4.0 2.2 4.7 2.3
aSteers were fed either the control diet (diet C, n = 6), the same basal diet supplemented with sunflower seeds (diet S, n =
6), or the same basal diet with sunflower oil infused into the duodenum (diet O, n = 6).



et al. (20). Briefly, this radial immunodiffusion used antiserum
to bovine apoA-I (purified from HDL) and to bovine apoB (pu-
rified from LDL) raised in rabbits. The diameters of precipita-
tion rings were proportional to the antigen concentration given
by a standard range of bovine apoA-I and apoB, respectively. 

FA analysis. Total lipids of the three main lipoprotein frac-
tions (IDL + LDL, light HDL, and heavy HDL) were extracted
according to the method of Folch et al. (21). Their two main
components, polar lipids (PL) and neutral lipids (CE and TG),
were prepared after isolation of the different lipids by semi-
preparative TLC using glass plates covered with lipid-free
Kieselgel. FA were extracted from polar and neutral lipids and
converted into methyl esters according to a method described
earlier (22). The FA composition of polar and neutral lipids was
determined by GLC using a DI 200 chromatograph (Perichrom,
Saulx les Chartreux, France) with a CP-Sil 88 glass capillary col-
umn (100 m length, 0.25 mm i.d.). GLC conditions were as fol-
lows: the oven temperature was programmed at 70°C for 30 s,
then ramped from 70 to 175°C at 20°C/min, held at 175°C for
25 min, ramped from 175 to 215°C at 10°C/min, and finally held
at 215°C for 41 min; injector and detector temperatures were 235
and 250°C, respectively; hydrogen was the carrier gas (H2 flow:
1.1 mL/min) in conditions of split injection (1:50). FA were iden-
tified by comparing their retention times with those of FA stan-
dards (Supelco, Bellefonte, PA). Chromatographic signals were
analyzed by Winilab II Chromatography Data System software
(Perichrom).

Statistical analysis. All data were subjected to analysis by
ANOVA using the general linear model procedure of SAS
(23). Treatment differences were considered significant at
P < 0.05. When the diet effect was statistically significant, treat-
ment means of the three groups were compared using Student’s
t-test (24). 

RESULTS

Plasma lipids and apolipoproteins. Compared with the control
diet, supplementation with 4% sunflower oil led to hyperlipemia,
the effect being more marked with diet O (×2.3, P < 0.05) than

with diet S (×1.4, P < 0.05) (Table 2). Hyperlipemia was essen-
tially caused by increases in PL (×1.4, P < 0.05, and ×2.1, P <
0.05, with diets S and O, respectively) and in cholesterol levels
(×1.4, P < 0.05, and ×2.5, P < 0.05, with diets S and O, respec-
tively), whereas triglyceridemia remained constant (Table 2).
The plasma concentration of apoB, specific to TGRLP and LDL,
was not modified with the lipid supplements (diets S and O),
whereas the concentration of apoA-I, which is characteristic of
the HDL subfractions, increased only following oil infusion
(×1.8, P < 0.05) (Table 2).

Density distribution of plasma lipoproteins. The distribu-
tion of lipoprotein particles was determined as a function of
their hydrated density. They were fractionated into 22 fractions
by isopycnic density gradient ultracentrifugation and subse-
quently analyzed for their lipid and apo contents. Figure
1A–1D present total lipoproteins, apoB and apoA-I, FC and
CE, and TG and PL contents, respectively. 

Dietary treatments affected the physicochemical properties of
lipoproteins, particularly diet O, which led to a higher concentra-
tion of total lipoprotein (×2.0; P < 0.0001) and to a shift in the
profile to fractions of lower densities (Figs. 1A–1D). From
apoA-I and apo B contents (Fig. 1B), five classes of lipoparticles
were constituted, and their chemical compositions were deter-
mined by regrouping the subfractions as shown in Table 3.

TGRLP (fraction 1, d < 1.018 g/mL) represented a minor
lipoprotein class (4% of total lipoproteins) in steers receiving
diets C and S, and its concentration was higher with diet O
(×1.5, P < 0.05; Table 3). In control steers, LDL (subfractions
6 to 11: 1.026 to 1.060 g/mL) accounted for 13% of the total
lipoproteins (Fig. 1A, Table 3). In animals given diet O, the
LDL concentration was 4.6 times higher than those given diet
C (P < 0.05) (Table 3). 

In the control group, HDL (subfractions 12 to 22: 1.060 to
1.180 g/mL) represented the main lipoprotein class (82% of
total lipoproteins) (Fig. 1A, Table 3). On the basis of their hy-
drated density, HDL were divided into light HDL (subfractions
12 to 15) and heavy HDL (subfractions 16 to 22), which repre-
sented 66 and 34% of total HDL, respectively (Fig. 1A, Table
3). Compared with diet C, diet S led to higher concentrations
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TABLE 2
Total Concentrations of the Major Plasma Lipidsa and of Plasma Apolipoproteins
(apo) B and A-I in Steers Fed One of Three Dietsb

Component Diet C Diet S Diet O

mg/dL plasma

Total lipids 284.3 ± 12.8a 396.8 ± 6.3b 612.4 ± 46.1c

PL 108.6 ± 5.0a 152.7 ± 3.7b 229.2 ± 14.0c

TG 15.3 ± 0.9a 15.8 ± 3.1a 15.2 ± 2.6a

FC 16.9 ± 0.9a 24.6 ± 0.8b 44.5 ± 3.9c

CE 134.3 ± 6.1a 191.2 ± 5.0b 316.1 ± 26.7c

ApoB 19.9 ± 3.5a 18.8 ± 2.5a 25.7 ± 2.9a

ApoA-I 72.1 ± 14.5a 86.5 ± 9.5a 129.1 ± 12.1b

aPL, phospholipids; FC, free cholesterol; CE, cholesteryl esters.
bSteers were fed either the control diet (diet C, n = 6), the same basal diet supplemented with sun-
flower seeds (diet S, n = 6), or the same basal diet, with sunflower oil infused into the duodenum
(diet O, n = 6) for 70 d. Results are expressed as mean ± SE. a,b,c = significant difference between
diets for the same lipid class, P < 0.05.



of plasma light (×1.4, P < 0.05) and heavy HDL [×1.3, non-
significant (NS)] (Table 3). This effect was more pronounced
in animals given diet O, especially for the light HDL class
(×1.8, P < 0.05) (Fig. 1A and Table 3).

From the distribution of apo according to lipoprotein den-
sity (Fig. 1B), partially protected (diet S) or totally protected
(diet O) dietary PUFA led to higher concentrations of apoA-I
in fractions 12 to 18 compared with the control group, corre-
sponding to light HDL (×1.4 and ×1.6 in groups S and O, re-
spectively, P < 0.05) and heavy HDL (×1.4 in groups S and O,
P < 0.05) (Table 3). Furthermore, a shift of the apoA-I profile
to HDL fractions of lower densities was observed especially in
steers fed diet O (Fig. 1B), leading to higher apoA-I levels in
fractions 8 to 11 in the density range of the IDL + LDL family
(×7, P < 0.0005; Table 3). Concerning the apoB profile, diet O
increased apoB concentrations (Fig. 1B), particularly in frac-
tions 6 to 11, corresponding to the LDL fractions (×1.4, P < 0.05;
Table 3).

Chemical composition of lipoprotein classes. Lipid supple-
mentation led to higher concentrations of CE (Fig. 1C) and PL

(Fig. 1D) in the density range of 1.053 to 1.108 g/mL for diet
S, and of 1.030 to1.119 g/mL for diet O. Moreover, lipid treat-
ments led to a shift of CE and PL profiles to fractions of lower
densities as observed for the apoA-I profile, particularly with
diet O (Table 3). Oil infusion led to an enrichment of TGRLP
in TG (+40%, P < 0.005) to the detriment of CE (−35%, P < 0.05)
(Table 3). In control steers, CE, which were abundant in light
HDL (32% of lipoprotein weight), were increased in steers
given diet O (+16%, P < 0.05). The same enrichment was noted
for IDL (+53%, NS), LDL (+42%, NS), and heavy HDL
(+19%, NS) to the detriment of FC, PL, or TG (Table 3).

FA composition of plasma lipoproteins. The FA composi-
tions of neutral and polar lipids are given in Tables 4 and 5, re-
spectively, for the main lipoprotein classes.

For TGRLP, diet S did not modify the FA composition in
neutral (Table 4) and polar lipids compared with diet C (Table
5). Diet O led to an increase in the PUFA/SFA ratio in neutral
(×5, P < 0.05) and polar lipids (×1.3, P < 0.05) owing to the
enrichment in 18:2n-6 (×8 and ×2.2, respectively, P < 0.05), to
the detriment of 16:0 in neutral lipids (−38%, P < 0.05). By
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FIG. 1. Plasma concentration and chemical composition of lipoprotein subfractions isolated by density gradient ul-
tracentrifugation from the plasma of steers fed either the control diet (diet C: ▲▲, ▲, n = 6), the same basal diet sup-
plemented with sunflower seeds (diet S: ■■, ■, n = 6), or the same basal diet with sunflower oil infused into the duo-
denum (diet O: ●●, ●, n = 6) for 70 d. (A) Plasma concentration of lipoprotein. (B) Plasma concentration of
apolipoprotein (apo) A-I (open symbols) and apoB (solid symbols). (C) Plasma concentration of free cholesterol
(FC: open symbols) and esterified cholesterol (CE: solid symbols). (D) Plasma concentration of TG (open symbols)
and phospholipids (PL: solid symbols). Results are expressed as mean ± SD.



contrast, in polar lipids, the unsaturated FA (UFA)/SFA ratio
was not modified with diet O owing to a concomitant lowering
effect on MUFA (−31%, P < 0.05).

In the IDL + LDL class, diet S did not modify PUFA/SFA
and UFA/SFA ratios in polar lipids because the enrichment in
n-6 PUFA (×1.3, P < 0.05) was at the expense of n-3 PUFA
(−58%, P < 0.05). In neutral lipids, the enrichment in n-6 PUFA
induced by diet S (×1.2, P < 0.05) and the simultaneous de-
crease in SFA (−22%, P < 0.05) led to higher PUFA/SFA (×1.5,
P < 0.05) and UFA/SFA ratios (×1.5, P < 0.05). With diet O,
changes in the FA composition in polar and neutral lipids of the
IDL + LDL concerned the enrichment in 18:2n-6 (×2.1 and
×1.6, respectively, P < 0.05), at the expense of MUFA (−57 and
−52%, respectively, P < 0.05) and n-3 PUFA (−82 and −67%,
respectively, P < 0.05). In neutral lipids, the SFA content de-
creased with diet O compared with diet C (−31%, P < 0.05).

Concerning the light HDL, the PUFA/SFA and UFA/SFA
ratios in polar lipids were not modified by lipid supplements

(as in the polar lipids of IDL + LDL) since the enrichment in
18:2n-6 (×1.4, P < 0.05) was expressed at the expense of n-3
PUFA (−81%, NS) and 18:1 (−50%, P < 0.05) (Table 5). In
neutral lipids of light HDL, PUFA/SFA and UFA/SFA ratios
increased with diet S (×1.4 and ×1.3, respectively, NS), and
particularly with diet O (×2 and ×1.6, respectively, P < 0.05),
owing to larger incorporation of 18:2n-6 (×1.5, P < 0.05) into
lipoparticles (Table 4).

In the heavy HDL, diet O led to effects on the FA composi-
tion of polar and neutral lipids similar to those observed in the
neutral lipids of light HDL.

DISCUSSION

Dietary lipids have been studied in humans and in rodents
(3,25,26), mainly with respect to their effects on the pathogen-
esis of hyperlipidemia and the associated risk for cardiovascular
disease, whereas in bovine animals, they have been studied
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TABLE 3 
Chemical Composition (mean wt%) and Concentration (mg/dL) of the Major Lipoprotein Classes and of ApoB and ApoA-I from the Plasma of Steers
Fed One of Three Dietsa

Lipoprotein class

TGRLP IDL LDL Light HDL Heavy HDL

Fractions 1 2 to 5 6 to 11 12 to 15 16 to 22

Density limits (g/mL) <1.018 1.018 to 1.026 1.026 to 1.060 1.060 to 1.091 1.091 to 1.180

Diet C
FC 5 ± 1 7 ± 3 10 ± 2 9 ± 5 7 ± 4
CE 20 ± 2a 15 ± 4 24 ± 5 32 ± 1a 26 ± 3
TG 36 ± 2a 34 ± 3 16 ± 6 2 ± 1 1 ± 1
PL 19 ± 4 22 ± 2 22 ± 3 22 ± 2 20 ± 1
Proteins 20 ± 1 22 ± 2 28 ± 2 35 ± 2 46 ± 4

Lipoprotein concentration (mg/dL) 12 ± 1a 4 ± 1 40 ± 3a 168 ± 8a 88 ± 6
ApoB concentration (mg/dL) nd nd 9 ± 1a 3 ± 1 ND
ApoA-I concentration (mg/dL) ND ND 2 ± 1a 27 ± 3a 14 ± 1a

Diet S
FC 5 ± 1 9 ± 3 9 ± 1 5 ± 1 4 ± 1
CE 20 ± 3a 14 ± 5 25 ± 5 33 ± 1a 28 ± 2
TG 36 ± 3a 33 ± 4 13 ± 5 2 ± 1 1 ± 1
PL 19 ± 2 24 ± 2 26 ± 1 25 ± 1 21 ± 1
Proteins 19 ± 1 20 ± 3 27 ± 2 35 ± 1 46 ± 4

Lipoprotein concentration (mg/dL) 11 ± 1a 5 ± 1 61 ± 7a 230 ± 10b 116 ± 10
ApoB concentration (mg/dL) nd nd 10 ± 1a 4 ± 1 ND
ApoA-I concentration (mg/dL) ND ND 3 ± 1a 38 ± 4b 20 ± 1b

Diet O
FC 4 ± 1 5 ± 1 6 ± 1 6 ± 1 4 ± 1
CE 13 ± 2b 23 ± 4 34 ± 2 37 ± 1b 31 ± 2
TG 50 ± 3b 33 ± 4 10 ± 5 1 ± 1 1 ± 1
PL 14 ± 2 16 ± 4 25 ± 1 25 ± 1 21 ± 1
Proteins 19 ± 1 23 ± 1 25 ± 2 31 ± 2 43 ± 4

Lipoprotein concentration (mg/dL) 17 ± 2b 5 ± 2 182 ± 32b 309 ± 22c 121 ± 17
ApoB concentration (mg/dL) nd nd 13 ± 1b 7 ± 2 ND
ApoA-I concentration (mg/dL) ND ND 14 ± 3b 43 ± 3b 21 ± 1b

aSteers were fed either the control diet (diet C, n = 6), the same basal diet supplemented with sunflower seeds (diet S, n = 6), or the same basal diet with sun-
flower oil infused into the duodenum (diet O, n = 6) for 70 d. Results are expressed as mean ± SE. nd, not detectable, ND, not determined; TGRLP, TG-rich
lipoproteins; IDL, intermediate density lipoproteins; for other abbreviations see Table 2. a,b,c = significant difference between diets for the same lipoprotein
class, P < 0.05.
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TABLE 4
FA Composition of Neutral Lipids of the Main Lipoprotein Classes Isolated by Ultracentrifugal Flotation in Steers Fed One of Three Dietsa

TGRLP IDL + LDL Light HDL Heavy HDL
Density limits <1.018 1.018 to 1.060 1.060 to 1.091 1.091 to 1.180
(g/mL) Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM

14:0 3.5a 3.6a 1.7b 0.2 1.4a 1.0a 0.3b 0.1 0.8 0.8 0.5 0.3 1.0 0.5 0.3 0.1
15:0 3.9 2.6 3.2 0.3 1.3 1.0 0.5 0.5 1.2 0.7 0.4 0.5 nd nd nd
16:0 26.9a 24.5a 16.6b 1.3 12.2 9.6 8.9 1.0 11.0 7.9 8.2 1.0 12.9 11.5 10.5 2.0
Sum of 16:1 2.9 2.8 1.0 0.5 2.2 1.5 0.3 0.6 2.3 1.7 0.8 0.7 2.5 1.8 0.8 0.4
17:0 3.2 2.2 2.8 0.4 3.6 2.2 1.8 0.5 2.0 2.2 0.9 0.6 4.1a 2.9a,b 1.3b 0.4
18:0 30.7 33.4 28.5 1.1 14.1 11.6 10.4 1.2 1.9 1.5 1.0 0.2 3.9 2.3 1.9 1.2
Sum of 18:1 15.2 15.0 13.6 0.8 10.4a 11.4a 6.2b 0.4 11.5a 9.9a 2.6b 1.1 12.3 11.6 5.2 1.6
18:2n-6 2.2a 2.6a 17.4b 0.6 41.4a 48.5a 64.6b 1.8 48.0a 58.5b 73.9c 1.8 46.2a 51.8a 71.3b 3.2
18:3n-6 1.6a 3.6b 2.7a,b 0.3 1.9a 2.5a 0.7b 0.2 1.2a 2.1b 0.5c 0.1 1.1a 1.6a 0.3b 0.2
18:3n-3 0.5 0.3 0.7 0.1 3.3a 2.4a,b 0.9b 0.4 5.9a 5.7a 0.6b 0.2 7.1a 5.4a 0.9b 0.5
CLA 0.7 1.2 1.0 0.1 0.3 0.4 0.2 0.1 0.5 0.1 nd 0.1 nd 0.1 nd
Sum of 20:1 1.4a 2.9b 2.7b 0.2 0.6a 0.6a 0.1b 0.1 0.6 0.4 0.3 0.1 nd 0.1 0.2 0.1
20:2n-6 0.3 0.2 0.3 0.1 0.3 0.3 0.2 0.1 0.4a 0.5b 0.3c 0.1 0.4 0.3 0.2 0.1
20:4n-6 0.3 0.2 0.1 0.1 1.0 1.0 1.1 0.2 1.3a 1.5a 0.7b 0.1 1.3 1.5 1.2 0.3
20:5n 3 0.3 0.6 0.4 0.2 1.1 1.0 0.4 0.2 1.2 0.5 0.5 0.2 1.4 1.4 1.2 0.6
Sum of 22:1 0.5 nd 1.3 0.2 1.2 2.2 0.5 0.6 2.4 2.5 1.7 0.6 0.8 0.6 0.7 0.2
22:5n 3 nd nd nd 0.4 0.1 0.1 0.1 0.4 nd nd 0.3 0.4 0.3 0.3

SFA 70.1a 67.9a 54.9b 3.1 33.3a 26.0b 23.1b 0.7 17.1a 13.5a,b 11.5b 0.9 22.6 17.7 14.2 3.1
MUFA 23.1 22.7 20.2 0.9 15.7a 16.3a 7.6b 1.3 19.8a 15.6b 5.7c 0.7 16.0a 14.4a 7.1b 1.5
PUFA 6.8a 9.5b 24.9c 1.0 51.0a 57.7b 69.3c 1.1 63.1a 70.9b 82.8c 1.1 61.4 67.9 78.7 4.3
n-6 PUFA 4.7a 6.6a 21.4b 0.9 44.9a 52.7b 67.2c 1.6 52.5a 64.2b 81.4c 1.5 51.3a 58.1a 76.0b 3.3
n-3 PUFA 1.4 1.2 2.6 0.2 5.7a 4.5a,b 1.9b 0.7 10.1a 6.6b 1.4c 0.6 10.1 9.7 2.7 2.2
UFA/SFA 0.4a 0.5a 0.8b 0.1 2.0a 2.9b 3.4b 0.1 4.9a 6.5a,b 7.8b 0.5 3.6 5.1 7.3 1.1
PUFA/SFA 0.1a 0.1a 0.5b 0.1 1.5a 2.2b 3.0c 0.1 3.7a 5.3a 7.3b 0.4 2.8 4.3 6.8 1.1
aSteers were fed either the control diet (diet C, n = 6), the same basal diet supplemented with sunflower seeds (diet S, n = 6), or the same basal diet with sun-
flower oil infused into the duodenum (diet O, n = 6) for 70 d. Results are expressed as mean ± SEM. SFA, saturated FA; MUFA, monounsaturated FA; UFA,
unsaturated FA; for other abbreviations see Table 3. a,b,c = significant difference between diets for the same lipoprotein class, P < 0.05.

TABLE 5
FA Composition of Polar Lipids of the Main Lipoprotein Classes Isolated by Ultracentrifugal Flotation in Steers Fed One of Three Dietsa

TGRLP IDL + LDL Light HDL Heavy HDL
Density limits <1.018 1.018 to 1.060 1.060 to 1.091 1.091 to 1.180
(g/mL) Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM Diet C Diet S Diet O SEM

14:0 1.7 2.3 1.6 0.4 0.4a 0.3b 0.2b 0.1 0.5a 0.3b 0.3b 0.1 0.4 0.2 0.3 0.1
15:0 1.2 1.7 0.9 0.2 0.2 0.3 0.3 0.2 0.3 0.3 0.3 0.2 nd nd 0.1
16:0 12.3 13.9 11.5 1.1 16.8 15.6 13.5 1.1 18.7 14.5 13.5 1.4 18.8a 16.5b 14.4c 0.4
Sum of 16:1 1.8 2.4 1.8 0.6 1.7 0.5 0.3 0.4 1.8 0.5 0.4 0.6 0.6 1.1 0.4 0.3
17:0 1.6 2.3 1.9 0.5 2.5 1.6 2.4 0.3 2.8 2.2 2.4 0.5 3.9a 1.1b 2.1b 0.3
18:0 16.7 14.1 16.3 0.7 23.4 26.6 25.6 0.9 27.6 26.8 24.9 1.4 25.8 25.2 24.1 0.6
Sum of 18:1 25.8a 28.7a 14.5b 0.3 15.5a 17.3a 6.7b 0.4 15.5a 17.0b 7.8c 0.2 16.0a 17.8b 8.9c 0.4
18:2n-6 15.9a 17.3a 34.5b 0.9 19.2a 21.4a 40.9b 0.6 16.6a 21.3a 40.6b 1.7 18.7 20.9 40.1 0.9
18:3n-6 nd nd nd 0.4 0.9 0.3 0.2 0.6 0.7 0.5 0.2 0.3a 0.4a 0.1b 0.1
18:3n-3 1.5a 0.8b 0.6b 0.1 1.9a 1.5b 0.4c 0.1 1.5a 1.3a 0.3b 0.2 1.6a 1.2b 0.3c 0.1
CLA 1.2 1.7 1.6 0.1 1.0 0.4 0.1 0.3 0.3 0.5 0.1 0.1 0.1 0.1 0.1 0.1
Sum of 20:1 6.1 6.5 6.1 0.3 0.2 0.6 0.7 0.2 0.4 0.8 0.8 0.2 0.3 0.5 0.3 0.1
20:2n-6 1.8 0.9 0.5 0.2 1.4 3.6 2.0 0.7 2.7 3.9 1.7 0.5 2.9 2.9 1.9 0.3
20:4n-6 4.9a 1.2b 1.5b 0.1 2.3 4.4 3.2 0.7 3.6 4.7 2.8 0.6 3.9 4.2 3.6 0.3
20:5n 3 2.2 2.5 1.6 0.5 3.8 0.8 0.4 0.8 1.4a 0.7a,b 0.3b 0.2 2.2 1.4 1.2 0.5
22:5n 3 0.6 0.5 nd 0.1 2.6a 0.6b 0.7b 0.4 0.7 1.1 0.3 0.3 1.0 0.9 0.7 0.5

SFA 34.5 35.3 33.6 0.6 43.9 45.0 42.7 0.7 50.2 44.8 42.7 2.8 49.3a 43.7b 41.1b 0.9
MUFA 35.6a 39.7a 24.6b 0.5 18.7a 18.8a 8.0b 0.4 18.0a 18.9a 9.5b 0.7 17.5a 19.9a 9.9b 0.6
PUFA 29.8a 24.9a 41.8b 1.2 37.4a 36.2a 49.3b 0.8 31.8 36.4 47.8 3.3 33.2a 36.4b 49.1c 0.7
n-6 PUFA 22.6a 19.5a 36.5b 0.1 24.6a 30.9b 47.1c 1.4 24.0a 31.3a 46.1b 2.7 26.7a 29.3a 45.9b 1.0
n-3 PUFA 4.8 3.8 2.2 0.8 11.7a 4.9b 2.1b 1.2 7.4 4.5 1.4 0.7 6.3 7.0 3.1 1.4
UFA/SFA 1.9 1.8 2.0 0.1 1.3 1.2 1.3 0.1 1.0 1.2 1.4 0.1 1.0a 1.3b 1.4b 0.1
PUFA/SFA 0.9a 0.7a 1.2b 0.1 0.9a 0.8a 1.2b 0.1 0.7 0.8 1.1 0.1 0.7a 0.8b 1.2c 0.1
aSteers were fed either the control diet (diet C, n = 6), the same basal diet supplemented with sunflower seeds (diet S, n = 6), or the same basal diet with sun-
flower oil infused into the duodenum (diet O, n = 6) for 70 d. Results are expressed as mean ± SEM. a,b,c = significant difference between diets for the same
lipoprotein class, P < 0.05. For abbreviations see Tables 3 and 4.



mainly for their impact on animal performance and on the nu-
tritional and organoleptic properties of meat (6–8). It is known
that the type of fat in the diet can modify lipid profiles as a re-
sult of modifications in lipoprotein metabolism (10,12,27),
which can finally lead to an alteration of lipid metabolism in
tissues (6–8). In this experiment with steers, we determined the
consequences of dietary supplementation with sunflower oil
rich in linoleic acid (18:2n-6) on the blood transport system of
lipids (lipoproteins), a field that is poorly documented.

In the bovine, dietary FA are transported as TG to tissues by
TGRLP for fat storage or for oxidation to produce energy (9).
We demonstrated that the TGRLP level (d < 1.018 g/mL) in-
creased only with the oil infusion, indicating that the effects of
fat ingestion depend on the degree of unsaturation of the FA.
Similar results were observed previously in adult sheep, where
direct infusion of n-6 PUFA in the proximal duodenum in-
creased the intestinal secretion of chylomicrons (28). The en-
richment of TGRLP with TG at the expense of CE with the
sunflower oil infusion seemed to be specific to ruminant ani-
mals, because in preruminant calves receiving soybean oil, the
TGRLP level decreased and these lipoparticles were enriched
in CE instead of TG (12).

The FA composition of the oil in diets S and O was simi-
larly dominated by linoleic acid (51% of total FA) but affected
the FA composition of TGRLP differently. Linoleic acid from
the seeds could undergo extensive biohydrogenation in the
rumen (60–95%), leading to absorption of less than 20% of di-
etary linoleic acid by the small intestine (29). Its low bioavail-
ability would explain their low impact on the FA composition
of lipids in TGRLP. In steers receiving an oil infusion, in which
PUFA ruminal hydrogenation was avoided, linoleic acid was
highly incorporated into TGRLP, mainly into TG, the major
neutral lipid in these particles. Consequently, large amounts of
linoleic acid were transferred into the muscle tissues during
lipolysis of TG in the hydrophobic inner core of TGRLP cat-
alyzed by the lipoprotein lipase. This process explains the
twofold higher content of linoleic acid found in rectus abdo-
minis and longissimus thoracis muscles, which elevated the
PUFA/SFA ratio by 60% (30).

IDL and LDL are successively generated by the lipolytic
cascade of TGRLP catalyzed by the lipoprotein lipase of extra-
hepatic tissues. This explains why modifications in the FA
composition of their lipids were similar to those observed in
TGRLP. In the bovine, IDL (1.018 to 1.026 g/mL) represent
only 4% of total lipoproteins whatever the diet, probably re-
sulting from the intense captation of these particles by the he-
patic and muscle tissues (9). The plasma concentration of LDL
(1.026 to 1.060 g/mL) increased only during the sunflower oil
infusion, indicating that the degree of unsaturation of dietary
FA was more important than the amount of dietary fat in modi-
fying plasma LDL in the bovine. This result did not agree with
the common concept accepted in humans of linoleic acid as a
“cholesterol-lowering” FA, since its action occurs mainly in
the LDL fraction (3), which is poorly represented in the bovine
(15% of total lipoproteins).

The hypercholesterolemia observed in steers receiving the
sunflower-rich diet was mainly related to their higher plasma

concentrations of HDL. The density distribution of apoA-I in-
dicated that supplementation with linoleic acid protected
against ruminal hydrogenation induced the formation of very
light HDL particles in the density range of LDL (1.026 to 1.060
g/mL). The appearance of very light HDL already has been de-
scribed in cows fed a diet rich in sunflower oil and protected
from ruminal hydrogenation (31), or in preruminant calves
given a milk diet rich in soybean oil (12). According to Aubo-
iron et al. (11), very light HDL can be generated by the trans-
fer of lipid (PL, CL) and protein (apoC) surface components of
TGRLP to the heavy HDL. Moreover, the presence of these
very light HDL might be the result of two other mechanisms,
one involving the LCAT enzyme and the other involving the
catabolism of HDL.

A higher LCAT activity can lead to hypercholesterolemia,
as previously shown in humans (32). In steers fed diet O, the
high incorporation of linoleic acid into polar lipids of the HDL
may facilitate the efflux of cholesterol from tissues and en-
hance the esterification process by LCAT (33,34). Moreover,
accessibility and activity of the LCAT to its substrate on the
HDL surface can be improved as a result of the modification of
the spatial configuration of apoA-I induced by the changes in
FA composition observed in light HDL (35). Cholesteryl lino-
leate will occupy more space in the inner core of HDL than
when the lipids are poor in PUFA (36), favoring generation of
very light HDL particles described in the calf as the largest
(100 to 190 Å vs. 98 to 145 Å) and the least-dense particles of
HDL (9,19). This accumulation of very light HDL would be
amplified by the chronic low activity of plasma CETP (37) and
of hepatic lipase (38) in the bovine compared to the human.

Yet another mechanism whereby lipid supplementation
would favor plasma accumulation of very light HDL particles in
steers is through a decrease in their turnover of blood. In steers
fed lipid supplements, we can hypothesize that the higher PUFA
content of HDL would decrease the recognition of HDL by the
scavenger receptor class B type I (SR-BI) and/or the cubilin re-
ceptor (39,40), consequently depressing the clearance of HDL,
which continue to accumulate CE via LCAT activity. In mice
with a targeted disruption in the SR-BI gene, plasma cholesterol
increased because of the formation of larger HDL (41).

In the bovine, the effects of hypercholesterolemia associ-
ated with HDL and with very light HDL accumulation in the
blood are still unknown. We previously observed in our labora-
tory that the enrichment of lipoparticles with PUFA was re-
sponsible for a higher susceptibility of these particles to lipid
peroxidation (42). In conditions of stress from nutritional,
physical, environmental, or infectious origin, lipoperoxidation
can affect reproductive functions, animal performance, and the
quality of the carcass (43). Moreover, changes in the FA com-
position in lipoparticles can contribute to chronic disorders (in-
flammatory and immune disorders, neurological dysfunction,
or deteriorations in reproductive and coagulation functions) as
observed in humans (1,4). On the other hand, the substitution
of PUFA with MUFA (especially oleic acid) noted for bovine
lipoparticles seems to be implicated in “homeoviscous adapta-
tion,” an event that allows animals to adapt to a PUFA-rich diet
by preserving the fluidity of the lipoparticles, thereby preserving
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their metabolic functions in the optimal state (44). We believe
that new studies should be performed to clarify the conse-
quences on bovine health of long-term modifications in the
lipid and lipoprotein profiles induced by the diet.

In conclusion, our study demonstrated that the addition of
sunflower oil in the diets of steers increased the content of
PUFA carried by plasma lipoparticles, mainly when dietary
PUFA were protected against ruminal biohydrogenation. This
result was consistent with the nutritional strategy of improving
the quality of FA in bovine products (meat and milk). However,
the accumulation of PUFA in lipoparticles can become a risk
factor for animal health by favoring the peroxidation process.
Moreover, the long-term effects of hypercholesterolemia on an-
imal health following very light HDL formation remain to be
evaluated to clarify the conditions and the limits of utilizing of
such PUFA-rich supplements in ruminants. 
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ABSTRACT: The purpose of this study was to examine the ef-
fects of two purified isomers of CLA (c9,t11-CLA and t10,c12-
CLA) on the weights and FA compositions of hepatic TG, phos-
pholipids, cholesterol esters, and FFA. Eight-week-old female
mice (n = 6/group) were fed either a control diet or diets supple-
mented with 0.5% c9,t11-CLA or t10,c12-CLA isomers for 8 wk.
Weights of liver total lipids and those of individual lipid fractions
did not differ between the control and the c9,t11-CLA groups.
Livers from animals fed the t10,c12-CLA diet contained four times
more lipids than those of the control group; this was mainly due
to an increase in the TG fractions (fivefold), but cholesterol (three-
fold), cholesterol esters (threefold), and FFA (twofold) were also
significantly increased. Although c9,t11-CLA did not significantly
alter the weights of liver lipids when compared with the control
group, its intake was associated with significant reductions in the
weight percentage (wt% of total FAME) of 18:1n-9 and 18:1n-7
in the TG fraction and with significant increases in the weight per-
centage of 18:2n-6 in the TG, cholesterol ester, and phospholipid
fractions. On the other hand, t10,c12-CLA intake was linked with
a significant increase in the weight percentage of 18:1n-9 and a
decrease in that of 18:2n-6 in all lipid fractions. These changes
may be the result of alterations in the activity of ∆9-desaturase
(stearoyl CoA desaturase) and the enzymes involved in the me-
tabolism of 18:2n-6. Thus, the two isomers differed not only in
their effects on the weights of total liver lipids and lipid fractions
but also on the FA profile of the lipid fractions. 

Paper no. L9390 in Lipids 39, 135–141 (February 2004).

CLA is a collective term for a group of isomers of linoleic acid
that have conjugated double bonds. Depending on the position
and geometry of the double bonds, several isomers of CLA
have been reported (1). The major dietary sources of c9,t11-
CLA are dairy products and ruminant meat, whereas those of
t10,c12-CLA are partially hydrogenated vegetable oils from
margarines and shortenings (2). Most of the published studies
have used mixtures of CLA isomers, that were composed of
two major forms, cis9,trans11-CLA (c9,t11-CLA) and trans10,
cis12-CLA (t10,c12-CLA), and a number of minor isomers.
Feeding a mixture of CLA isomers to animal models has been
reported to alter blood lipids, atherogenesis, diabetes, body

composition, chemically induced carcinogenesis, and immune
cell functions (3). Results from studies in mice (4–7), rats
(8–11), chickens (12,13), pigs (14–18), and fish (19) have indi-
cated that supplementing diets with a mixture of CLA isomers
causes a reduction in body fat. 

Because liver is the major site for FA synthesis, an under-
standing of the effects of dietary CLA isomers on liver lipids
and their FA composition is important in understanding their
overall effects on body fat metabolism. Results showing the ef-
fects of dietary CLA on liver lipids have been variable. It in-
creased liver lipids in mice (20), increased (12) or decreased
(13) them in chickens, decreased them in fish (19), and had no
effect in hamsters (21) and rats (22,23). Part of these variations
may be due to differences in lipid metabolism among the dif-
ferent species, but they could also be due to differences in the
composition of CLA isomers in the mixtures used. Studies con-
ducted with purified isomers have shown that the one responsi-
ble for reducing body and adipose tissue weights in mice
(5,24–26) and hamsters (21) and for altering mammary lipid
metabolism in dairy cows (27) is the t10,c12-CLA isomer. 

Although feeding a mixture of CLA isomers did not alter
the concentration of liver lipids in rats (22,23), it altered their
FA composition (28). Other studies in rats using purified iso-
mers have shown that the isomer responsible for altering the
FA profile of the rat liver lipids was t10,c12-CLA, whereas the
naturally occurring c9,t11-CLA had no effect (29,30). Thus,
the two CLA isomers differ in their effects on the FA profile of
rat liver lipids, but the effects of purified isomers on the FA pro-
file of liver lipids in other species have not been studied.

We recently reported that supplementing the diets of mice
with purified c9,t11-CLA and t10,c12-CLA had similar effects
on immune cell functions, but only the t10,c12-CLA increased
the liver lipids (24,31). Which liver lipid fraction is altered by
the CLA, and the effects of purified isomers on the FA compo-
sition of liver lipid fractions in mice are not known. The pur-
pose of this study was to examine the effects of two purified
isomers of CLA (c9,t11-CLA and t10,c12-CLA) on the weights
and FA compositions of hepatic TG, phospholipids, cholesterol
esters, and FFA in mice. 

MATERIALS AND METHODS

CLA isomers and diets. Highly enriched c9,t11-CLA and t10,
c12-CLA isomers in the form of FFA were a kind gift from
Natural ASA (Hovdebygda, Norway). The analytical data for
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these isomers was provided by the supplier and confirmed in
our laboratory. The preparation enriched in c9,t11-CLA con-
tained c9,t11-CLA = 84.6%; t10,c12-CLA = 7.7%; 18:1n-9 =
3.8%; t9,t11-CLA + t10,t12-CLA = 2.0%; and other FA =
1.9%. In the preparation enriched in t10,c12-CLA, this isomer
was 88.1%, with c9,t11-CLA = 6.6%; t9,t11-CLA + t10,t12-
CLA = 2.5%; 18:1n-9 = 1.1%; and other FA = 1.7%. 

The concentration of CLA used in this study was 0.5 wt%
of the diet, comparable to the concentrations used in previous
studies with rodent models, which have ranged from 0.1 to 1.5
wt% of a mixture of CLA isomers. AIN-93G, a high-carbohy-
drate mouse diet, was used as the basal diet. The nutrient and
FA composition of this diet has been reported previously
(24,31). Briefly, the control diet contained (g/kg): cornstarch
417.5, casein 200, dextrinized cornstarch 132, sucrose 100,
corn oil with tocopherol 50 (α-tocopherol 100 mg/kg corn oil),
cellulose 50, mineral mixture (AIN-93G) 35, vitamin mixture
(AIN-93) 10, L-cysteine 3, and choline bitartrate 2.5. For the
two CLA-containing diets, CLA isomer-enriched oils were
added by replacing 5 g/kg of corn oil with an equivalent
amount of the CLA source. Diets were constantly flushed with
nitrogen gas while being gently mixed in a blender. Diets were
packaged in 30-g aliquots, flushed with nitrogen gas, and stored
at −20°C. Fresh dietary packets were served each day. The ani-
mal protocol was approved by the Animal Use Committee at
the University of California, Davis.

Animals, feeding, and tissue collection. Eighteen 8-week-
old, pathogen-free C57BL/6N female mice were purchased
from Charles River (Raleigh, NC). Female mice were chosen
because we were also interested in the effects of CLA isomers
on immune cell functions, and because male mice fight when
caged together, which can affect their immune cell functions.
They were maintained in a sterile air curtain isolator at the ani-
mal facility of the University of California Medical School,
with controlled temperature (25°C) and light and dark cycles
(12 h each). They were fed the laboratory chow diet for the first
7 d and experimental diets for the last 56 d. Animals were di-
vided into three groups at the start of the experimental diets
(study day 1), with six per group. Details regarding animal han-
dling, sacrifice, tissue collection, and storage have been pub-
lished previously (24).

Lipid extraction, the isolation of different lipid classes, and
FA analysis. Livers were removed, blotted dry with tissue
paper, weighed, placed in liquid nitrogen, and stored frozen at
–80°C until processed. Lipid extraction and FA analysis were
performed according to previously published methods from our
laboratory (32).

Briefly, a portion of the frozen liver was weighed and
freeze-dried, and a portion of the freeze-dried sample was then
weighed and transferred into a 7-mL glass hand homogenizer.
The sample was homogenized with 5 mL chloroform/methanol
2:1 (vol/vol) containing 0.005% each BHT and hydroquinone.
The homogenate was filtered through prewashed sharkskin
paper; the homogenizer and residue on the paper were then
washed twice with 1 mL additional solvent, and the combined
filtrates were dried under nitrogen. The residue was dissolved

in 1 mL chloroform and filtered through prewashed cotton into
a 2-mL tared vial. The solvent was removed under dry nitro-
gen, freeze-dried, and weighed to yield the total lipids extracted
(ca. 0.01–0.04 g). This was dissolved in a small amount of
chloroform and applied as a band to a 20 cm × 20 cm × 250 µm
activated silica gel plate. The plate was developed using
hexane/ether/acetic acid (85:15:2, by vol), in a chamber flushed
with nitrogen and equilibrated with the developing solvent. The
plate was dried under a stream of nitrogen at room tempera-
ture, then sprayed with 2′,7′-dichlorofluorescein reagent; the
bands were then visualized under UV light and scraped into test
tubes. Each lipid fraction was extracted with chloroform/
methanol (2:1), filtered, and the solvent removed and weighed.
Each lipid fraction was transferred into small screw-capped test
tubes, to which were added 1 mL dry methanol and one drop
toluene. This was followed by the addition of 0.5 mL 0.5 M
methanolic sodium methoxide, after which the tubes were
flushed with nitrogen and capped. The tubes were then heated
at 53–55°C for 10 min and cooled to room temperature.
Methanolic HCl, 0.5 mL 3 N, was added to each tube, which
was then capped, heated at 53–55°C for 15 min, and cooled to
room temperature. Water (4.5 mL) and hexane (2 mL) were
then added and mixed. The layers were allowed to separate,
and the top hexane layer was transferred to another test tube.
The bottom layer was extracted with an additional 2 × 1 mL
hexane. The combined hexane extracts were dried over sodium
sulfate/sodium bicarbonate (4:1) and filtered through pre-
washed cotton; the solvent was then removed under a stream
of dry nitrogen to yield the transmethylated product. This was
dissolved in 5–100 µL isooctane and analyzed on an Agilent
6890 gas–liquid chromatograph equipped with an FID and
using a Supelco 2380 column (100 m × 0.25 mm × 0.2 µm film
thickness). Oven conditions were as follows: hold at 75°C for
4 min, heat at 13°C/min to 175°C, hold for 27 min, heat at
4°C/min to 215°C, and hold for 20 min. A second 6890
gas–liquid chromatograph equipped with an Agilent 5973 mass
selective detector was used to verify the identity of the GLC
peaks as necessary.

Statistical analysis. The data were first checked for homo-
geneity of variance using Levene’s test. When heterogeneity
was found, either a transformation was used to stabilize the
variances among diets or the SAS PROC MIXED was used to
incorporate the heterogeneity into the model. The model was a
one-way ANOVA, and Dunnett’s test was used for diet com-
parisons with the control group (33).

RESULTS

Effect of CLA isomers on the weights of different classes of liver
lipids. Table 1 contains data regarding the total liver lipids and
the lipid classes for mice fed the control and CLA-containing
diets. Livers from the animals fed the control diet contained an
average of 156 mg lipids per liver, which represented 11.3% of
the liver weights. Liver lipid contents of the animals fed the
c9,t11-CLA diet did not differ significantly from those in the
control group. However, the livers of animals fed diets containing
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t10,c12-CLA contained four times more lipids than the amount
found in the control group, and lipids constituted 30% of the
liver weight in this group. 

TG, phospholipids, cholesterol, cholesterol esters, and FFA,
constituted 63.2, 17.1, 6.2, 9.5, and 4.0 wt% of the total liver
lipids in animals fed the control diet (Table 1). The percentage
distribution of lipids among the different fractions did not dif-
fer between the control and the c9,t11-CLA groups, except that
intake of c9,t11-CLA was associated with a significant reduc-
tion in the weight percentage of cholesterol esters. In the ani-
mals fed t10,c12-CLA, the weight percentage of TG was in-
creased (P < 0.05), and the weight percentages of phospholipids,
cholesterol esters, and FFA were decreased as compared with
the corresponding values in the animals fed the control diet.
Because not all lipid fractions changed proportionally, these
changes did not represent changes in the absolute weights of
the different fractions. Based on the total lipids and their per-
centage distribution among different classes, we calculated the
absolute weight (mg/liver) of each lipid class. On the basis of
mg/liver, none of the lipid classes differed between the control
and the c9,t11-CLA groups. On this basis, the weights of TG,
cholesterol, cholesterol esters, and FFA in the t10,c12-CLA
group were five, three, three, and two times those of the corre-
sponding values in the control group; the absolute weights of
phospholipids per liver did not differ among the three groups.
These data emphasize that changes in the weight percentage
and absolute weight of different lipid fractions can lead to dif-
ferent interpretations, and both should be determined. 

FA composition of liver TG, phospholipids, cholesterol es-
ters, and FFA of mice fed the control or CLA-containing diet.
The weight percentage (wt% of total FAME) concentrations of

CLA and major FA found in the different classes of lipids in
the livers of mice fed the control or experimental diet are
shown in Table 2. The highest weight percentage of c9,t11-
CLA was found in cholesterol esters (3.1%), followed by TG
(1.3%), FFA (1.2%), and phospholipids (0.1%), respectively.
The weight percentage of t10,c12-CLA ranged from 0.3% in
TG to 0.1% in cholesterol esters. In animals fed t10,c12-CLA,
the concentrations of c9,t11-CLA were below the detection
limit; however, in animals fed c9,t11-CLA, the levels of
t10,c12-CLA were detectable in the cholesterol esters and
phospholipids. This may be due to impurities in the isomers
added to the diets. These data show that both isomers of CLA
were incorporated into in all four of the lipid classes investi-
gated; however, the amounts incorporated differed between the
two isomers and among the different lipid classes. The relative
proportions of t10,c12-CLA incorporated into all lipid classes
except the phospholipids were much smaller than the corre-
sponding proportion of c9,t11-CLA.

c9,t11-CLA had only modest effects on the FA profiles of all
the lipid fractions when compared with the corresponding values
in animals fed the control diet (Table 2). The weight percentages
of 18:1n-9 and 18:1n-7 were significantly decreased in the TG
fraction, and that of 18:2n-6 was increased in TG, phospholipids,
and cholesterol esters in the group fed the c9,t11-CLA diet.
Changes in the proportions of these three FA in other lipid frac-
tions did not attain statistical significance. The sum of monoun-
saturated FA (MUFA) was significantly decreased in TG, and
that of PUFA was increased in the TG, cholesterol ester, and FFA
fractions but was unchanged in the phospholipid fraction by the
feeding of c9,t11-CLA compared with the corresponding val-
ues in the control group. The weight percentages of all other
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TABLE 1
Effect of CLA Isomers on Liver Lipid Classes (wt% of total liver lipids or mg/liver)a

Lipid fraction Control c9,t11-CLA t10,c12-CLA

Lipids (wt% of liver) 11.30 ± 1.30 11.80 ± 0.50 30.30 ± 4.70*
Total lipids (mg/liver) 156.1 ± 18.1 172.2 ± 13.0 641.1 ± 119.1*

TG
wt% of lipids 63.2 ± 3.40 68.0 ± 2.7 81.9 ± 1.0*
mg/liver 98.7 ± 24.0 117.1 ± 18.0 524.8 ± 63.8*

Phospholipids
wt% 17.1 ± 2.6 15.9 ± 1.7 4.7 ± 0.4*
mg/liver 26.7 ± 3.1 27.4 ± 4.9 29.5 ± 2.8

Cholesterol
wt% 6.2 ± 0.7 5.8 ± 0.4 4.8 ± 0.5
mg/liver 9.7 ± 1.2 9.9 ± 2.1 31.4 ± 3.6*

Cholesterol esters
wt% 9.5 ± 0.9 7.1 ± 0.5* 7.0 ± 0.4*
mg/liver 14.8 ± 2.9 12.3 ± 2.7 44.6 ± 5.5*

FFA
wt% 4.0 ± 0.6 3.1 ± 0.5 1.7 ± 0.3*
mg/liver 6.2 ± 0.5 5.4 ± 1.6 11.2 ± 2.3

aData are mean ± SEM (n = 6). Numbers marked with an asterisk are significantly (P < 0.05) different from corresponding
values in the control group.



individual FA and the sum of saturated FA (SFA) did not differ
significantly between the control and the c9,t11-CLA groups.

Feeding the diet containing t10,c12-CLA was linked with
significant increases in the relative proportions of 18:1n-9 and
decreases in the proportions of 18:2n-6 in all lipid fractions
when compared with the corresponding values in the control
group (Table 2). It was associated with significant reductions
in the weight percentages of 16:0 and 18:0 in the cholesterol
ester fractions and a significant increase in the proportion of
16:0 in the TG fraction. It was also associated with significant
reductions in the weight percentage of DHA in phospholipids,
arachidonic acid (AA) in TG, and an increase in the proportion
of AA in FFA. The proportion of total MUFA increased and
that of PUFA decreased in all lipid fractions except for FFA,
where total PUFA did not change; the proportion of total SFA
decreased in the FFA and cholesterol ester fractions. Thus, the
two CLA isomers differed not only in their incorporation into
different lipid fractions but also in the changes they caused in
the composition of other FA. 

DISCUSSION

We compared the effects of two purified isomers of dietary
CLA (c9,t11-CLA and t10,c12-CLA) on the weights and FA
profiles of murine liver TG, phospholipids, cholesterol esters,
and FFA with the corresponding fractions in animals fed diets
without CLA; we also compared the incorporation of the two
CLA isomers into different lipid fractions. Total liver lipids and
their distribution among different fractions did not differ be-
tween the control and c9,t11-CLA groups (Table 1). The livers
of animals fed diets supplemented with t10,c12-CLA contained
four times more total lipids than the amount found in the livers
of animals fed the control diet. Our results showing an increase
in liver lipids by feeding t10,c12-CLA are consistent with those
previously reported with a mixture of CLA isomers (0.5–1.5%
fed for 6 wk, Ref. 20) or with t10, c12-CLA (0.4 or 1.0% fed
for 4 wk; 25,26) in mice; the increase in liver lipids with the
mixture of CLA isomers ranged from 75 to 150% (20), whereas
the increase with t10,c12-CLA (25) was similar to that found
in our study. Feeding a mixture of CLA isomers (0.5% for 6
wk) caused a twofold increase in liver lipids in chickens (12),
but it did not increase liver lipids in rats fed at 0.5 to 1.5% for
4–6 wk (22,23). Similarly, feeding a mixture of CLA isomers
or the purified c9,t11-CLA or t10,c12-CLA (0.66% for 8 wk)
did not increase liver lipids in hamsters (21). Still others re-
ported a reduction in liver lipids with the feeding of a CLA
mixture in fish (19) and chickens (13). These differences may
be due to a number factors, including the species, age of the an-
imal, amount and type of CLA, the duration of its feeding, and
the composition of the basal diet. 

The increase in liver lipids caused by t10,c12-CLA in our
study was largely due to an increase in the weights of liver TG,
although cholesterol, cholesterol esters, and FFA also were sig-
nificantly elevated. These changes in liver lipids most likely
resulted from an altered secretion of leptin and insulin. Pub-
lished reports have indicated that feeding a mixture of CLA isomers
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reduces the concentration of circulating leptin and increases
that of insulin in mice, rats, and humans (25,34–37). Other re-
ports have indicated that t10,c12-CLA reduces the mRNA for
leptin and adiponectin in the adipose tissue (24) and increases
that of sterol regulatory element-binding protein-1 (SREBP-1)
in liver (25). Furthermore, leptin infusion was found to reverse
the CLA-caused hyperinsulinemia and fat deposition in the
liver (34). Together, these results suggest that t10,c12-CLA re-
duced the production of leptin by the adipose tissue, which led
to increased production of insulin by the pancreas and insulin-
activated SREBP-1 in the liver. An increase in SREBP-1 in-
creases both cholesterol and FA synthesis in the liver (25).
Thus, the increase in the liver lipid contents of animals fed diets
containing t10, c12-CLA was most likely due to increased lipid
synthesis in the liver; however, a reduction in hepatic lipid se-
cretion also may have contributed to this result. The proposed
mechanisms are based on the interaction between several or-
gans in the body, and the response of the liver to CLA may be
secondary to the response from other organs. In in vitro trans-
activation assays, both CLA isomers were equally effective in
activating peroxisome proliferator-activated receptors (PPAR)
α, β, and γ (25; Kelley, D.S., and Lee, J.Y., unpublished re-
sults). Thus, PPAR activation by t10,c12-CLA does not seem
to be the mechanism by which liver lipids were increased. 

The two CLA isomers differed in the proportion of their in-
corporation into the different lipid fractions and their effects on
the FA profiles of the lipid fractions. Overall, incorporation of
c9,t11-CLA was much higher than that of t10,c12-CLA, and
the highest weight percentage of c9,t11-CLA was found in the
cholesterol esters. These results are consistent with those re-
ported in rats (29). 

Feeding c9,t11-CLA in our study was associated with a sig-
nificant reduction in the weight percentage of 18:1n-9 and an
increase in 18:2n-6 (Table 2). A reduction in the proportion of
18:1n-9 may be due to a decrease in the activity of ∆9-desat-
urase; an increase in the proportion of 18:2n-6 may be due to a
reduction in the activity of ∆6-desaturase or other enzymes in-
volved in the metabolism of this FA. Our results in mice show-
ing changes in the proportions of 18:1n-9 and 18:2n-6 contrast
with those showing no change in the FA composition of liver
lipids isolated from rats fed diets containing c9,t11-CLA
(29,30). These differences may be due to variance in the lipid
metabolism between rats and mice. 

In contrast to c9,t11-CLA, feeding the c10,t12-CLA isomer
was associated with an increase in the weight percentage of
18:1n-9, possibly due to an increased activity of ∆9-desaturase
(stearoyl CoA desaturase). Pariza’s group has published several
papers regarding the effects of CLA on the expression and/or ac-
tivity of this enzyme. They reported a reduction in the mRNA
for stearoyl CoA desaturase-1 in the livers of mice fed a diet con-
taining a mixture of CLA isomers (0.5% for 2 wk) (38), and in
3T3-L1 adipocytes in vitro by feeding t10, c12-CLA (25 to 100
µM) but not by feeding c9,t11-CLA (39). Subsequently, they re-
ported a reduction in the expression or activity of this enzyme by
both CLA isomers (45 µM) in two human breast tumor cell lines
(40). Their results suggest that, depending on the model used, ei-
ther t10,c12-CLA or both the CLA isomers may inhibit the ex-

pression or activity of this enzyme. Other reports have indicated
that stearoyl CoA desaturase activity is positively associated with
hypertriglyceridemia in humans and mice (41), and that disrup-
tion of the gene for this enzyme impairs the biosynthesis of cho-
lesterol esters and TG in mice liver (42). Our results concur with
the above-mentioned findings that CLA isomers may alter the
activity of stearoyl CoA desaturase. However, our results con-
trast with those from Pariza’s laboratory: Our results suggest a
stimulation of this enzyme by t10,c12-CLA and not inhibition,
as reported by this group. Since they used a mixture of CLA iso-
mers in their study with mice, it is possible that a reduction in
the liver mRNA for this enzyme was caused by c9,t11-CLA; this
would be consistent with our results regarding the effects of this
isomer on the liver FA composition. Furthermore, our interpreta-
tion of the activity of the enzyme is based on the FA composi-
tion, whereas they measured the mRNA for this enzyme; neither
measured enzyme activity. 

Feeding t10,c12-CLA was associated with reductions in the
weight percentage of 18:2n-6 in all lipid fractions and that of
22:6n-3 in only the phospholipids. A reduction in the propor-
tion of 18:2n-6 may be due to increased activity of ∆6-desat-
urase or other enzymes involved in the metabolism of this FA.
A reduction in 22:6n-3 may be due to decreased activity of ∆5-
desaturase or elongases, or to increased activity of enzymes in-
volved in the metabolism of DHA. The reduction in the pro-
portion of 18:2n-6 in the t10,c12-CLA group in our study is
consistent with that reported after feeding a mixture of CLA
isomers to mice (20) or rats (23). Our study extends these find-
ings by showing that t10,c12-CLA is the isomer that caused a
reduction in the weight percentage of 18:2n-6; c9,t11-CLA ac-
tually caused an increase in the weight percentage of this FA.
Thus, feeding a mixture of the two isomers may increase, de-
crease, or have no effect on the proportion of 18:2n-6, depend-
ing on the ratio between the isomers. A reduction in the weight
percentage of DHA in the phospholipids of animals fed
t10,c12-CLA in our study differs from the increase in this FA
in rat liver phospholipids caused by the same isomer (29). We
did not measure the activities of lipid-metabolizing enzymes.
That the enzymes change is one logical explanation for the
changes in FA concentrations. It is also possible that changes in
the activities of other FA-metabolizing enzymes may have con-
tributed to the altered concentrations of the FA seen in our study. 

In summary, our results show that only the t10,c12-CLA al-
tered the weights of liver lipids, whereas both isomers altered
the FA profiles of the lipid fractions. The two isomers differed
in the amounts incorporated into liver lipids and the changes
they caused in the FA profiles of the lipid fractions. It is impor-
tant to note that c9,t11-CLA did not alter the total lipids but al-
tered the FA composition, whereas the t10,c12-CLA altered
both the total lipids and the FA profile. 
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ABSTRACT: The purpose of the present study was to examine
the role of tangeretin, a polymethoxylated flavone from citrus
fruits, on the regulation of apolipoprotein B (apoB) and lipid me-
tabolism in the human hepatoma cell-line HepG2. The marked
reduction in apoB secretion observed in cells incubated with 72.8
µM tangeretin was rapid, apoB-specific, and partly reversible. The
reduction also was observed under lipid-rich conditions and
found to be insensitive to proteasomal degradation of nascent
apoB. We followed our study by examining lipid synthesis and
mass. A 24-h exposure of cells to 72.8 µM tangeretin decreased
intracellular synthesis of cholesteryl esters, free cholesterol, and
TAG by 82, 45, and 64%, respectively; tangeretin also reduced
the mass of cellular TAG by 37%. The tangeretin-induced sup-
pression of TAG synthesis and mass were associated with de-
creased activities of DAG acyltransferase (up to –39.0 ± 3.0% vs.
control) and microsomal triglyceride transfer protein (up to −35.5
± 2.5% vs. control). Tangeretin was also found to activate the per-
oxisome proliferator-activated receptor, a transcription factor
with a positive regulatory impact on FA oxidation and TAG avail-
ability (up to 36% increase vs. control). The data suggest that tan-
geretin modulates apoB-containing lipoprotein metabolism
through multiple mechanisms.

Paper no. L9415 in Lipids 39, 143–151 (February 2004).

Epidemiological studies have yielded evidence that a diet rich
in flavonoid-containing foods such as fruits, vegetables, wine,
and tea is associated with lower risk of developing chronic dis-
eases such as cardiovascular disease and cancer (1). The cardio-
protective action of flavonoids has been attributed to several ef-
fects, including an inhibition of LDL oxidation, a decrease in
platelet aggregation, an improvement in endothelial function,
and recently, a reduction in cholesterol levels (2,3). The role of
two common citrus flavonoids, hesperetin and naringenin, in
lowering cholesterol levels has been investigated recently. Hes-
peretin and naringenin, which belong to the class of flavanones,

are especially abundant in oranges and grapefruit, respectively,
where they occur largely as glycosides called hesperidin and
naringin (4). The hypolipidemic effects of citrus flavonoids
have been studied extensively in the human hepatoma cell-line
HepG2. HepG2 cells are an important in vitro model system
commonly used to study the regulation of hepatic production
and catabolism of apolipoprotein B (apoB)-containing lipopro-
teins (apoB-Lp) such as VLDL and LDL (5). In this cell-line,
hesperetin and naringenin have been shown to dose-depen-
dently reduce the secretion of apoB-Lp and suppress cellular
synthesis of a core lipoprotein lipid component, cholesteryl es-
ters (CE) (6). For both flavonoids, these effects were associ-
ated with a decreased activity and expression of acyl CoA:cho-
lesterol acyltransferase (ACAT), an enzyme responsible for the
synthesis of CE required for lipoprotein assembly (6,7). It was
presumed from these studies that ACAT was the enzyme pre-
dominantly responsible in the assembly of apoB-Lp in HepG2
cells. However, further studies demonstrated that, for narin-
genin, the inhibition of ACAT was not the primary mechanism
responsible for the reduced lipidation and subsequent secretion
of apoB. Instead, naringenin’s apoB-lowering effect was
largely due to suppression of endoplasmic reticulum (ER) lu-
menal accumulation of TAG, secondary to microsomal triglyc-
eride transfer protein (MTP) inhibition (8,9). MTP, in addition
to catalyzing the transfer of lipids to nascent apoB molecules,
has been shown to facilitate the accumulation and attainment
of TAG within the ER lumen (10). Under naringenin treatment,
insufficient MTP activity was suggested to be the primary rea-
son for the lack of transfer of newly synthesized TAG from the
microsomal membrane to the active lumenal pool (9).

In animal studies, dietary supplementation with hesperidin
or with hesperidin/naringin mixtures has been shown to reduce
blood cholesterol in rats and in ovariectomized mice (11,12).
Substantial decreases in serum total and LDL cholesterol also
were observed in rabbits with casein-induced hypercholes-
terolemia given concentrated orange or grapefruit juices (13).

Beneficial changes in lipoprotein metabolism observed in
animals and cultured cells exposed to hesperetin, naringenin,
and their glycosides prompted us to investigate the hypolipid-
emic potential of another group of minor components from
citrus fruits—highly methoxylated flavones, termed poly-
methoxyflavones (PMF). PMF, which are known for their anti-
cancer and anti-inflammatory activities (reviewed in Ref. 14),
are found in high abundance in tangerines, bitter oranges, and
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orange peel, where they occur as free aglycones (4). Studies on
absorption and metabolism demonstrated that the most prevalent
PMF, tangeretin (Scheme 1), is well absorbed and extensively
metabolized (15). Recently, we showed that several natural and
synthetic PMF have the ability to inhibit the net secretion of
apoB in HepG2 cells (3). For the two most active PMF, tan-
geretin and nobiletin, the apoB IC50 concentrations (concentra-
tions required to reduce medium apoB by 50% following a 24-h
exposure) were much lower than those established for hesperetin
and naringenin (7.3 and 13.1 µM vs. 142.2 and 178.1 µM, re-
spectively) (3). This prompted us to speculate that PMF might
have greater hypolipidemic potential in vivo than hesperidin
and naringin. In agreement with this hypothesis, our recent ex-
periments demonstrated that in hypercholesterolemic hamsters,
supplementation with 1% tangeretin or with a 1% formulation
consisting of tangeretin and other PMF significantly reduced
serum total, VLDL + LDL-cholesterol, and TAG by 25, 39, and
48%, respectively. However, when the PMF were replaced with
a 1:1 mixture of hesperidin and naringin, a much higher sup-
plementation was required to produce lipid responses compa-
rable to those obtained with 1% PMF (Kurowska, E.M., and
Manthey, J.A., unpublished data). The combined content of
tangeretin metabolic products in livers from hamsters fed 1%
PMF diets was within a range similar to the tangeretin IC50
concentration obtained for HepG2 cells. This suggests that tan-
geretin and nobiletin concentrations that produced apoB-low-
ering responses in cultured HepG2 cells were physiologically
relevant.

The powerful hypolipidemic and apoB-lowering responses
induced by PMF in vitro and in vivo indicate that this particular
group of citrus flavonoids might regulate hepatic lipid and apoB
metabolism via distinct mechanism(s). Hesperetin and narin-
genin, as well as the principal soy isoflavones genistein and
daidzein, have been shown to affect apoB metabolism mainly
through inhibition of ACAT and MTP and, to a lesser extent,
through enhanced expression and activity of the LDL receptor
responsible for lipoprotein reuptake (8,16). On the other hand,
two other plant flavonoids, taxifolin and quercetin, were largely
associated with suppressed activities of two rate-limiting en-
zymes in the synthesis of cholesterol and TAG, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGR) and diacylglyc-
erol acyltransferase (DGAT), respectively (17,18). This suggests
that flavonoids modulate apoB production via multiple pathways
and that structural differences may affect the extent by which
flavonoids exert their lipid-lowering effects.

Thus far, flavonoids have not been reported to interact with
lipid and apoB metabolism through other mechanisms except
for those described above. However, recent experiments with

natural nonflavonoid compounds have revealed that the hy-
polipidemic control also might involve enhanced cellular FA
β-oxidation (19,20). β-Oxidation of FA via increased expres-
sion of the two rate-limiting enzymes of the peroxisomal and
mitochondrial FA oxidation, acyl CoA oxidase and carnitine
palmitoyl-CoA transferase, is known to be activated through
peroxisome proliferator-activated receptors (PPAR) (19–21).
Increased β-oxidation would thus reduce the availability of FA
for incorporation into cellular TAG and limit the production of
apoB-Lp. The present study was therefore undertaken to inves-
tigate the mechanism(s) by which tangeretin, the most abun-
dant and most active PMF from citrus fruits, regulates apoB
protein and lipid metabolism. Using HepG2 cells, we specifi-
cally examined the effects of tangeretin on several aspects in-
volved in apoB production and the synthesis of intracellular
lipids. Since in vivo results demonstrated that tangeretin was a
potent serum TAG-reducing agent (Kurowska, E.M., and Man-
they, J.A., unpublished data), we also addressed the influence
of tangeretin on the activities of MTP, DGAT, and PPAR.

MATERIALS AND METHODS

Materials. Tangeretin (97.4% pure) was isolated from winter-
ized tangerine peel oil precipitate. Tangerine oil precipitate was
collected and washed extensively with hexane to remove the
volatile oil constituents and other contaminants. The hexane-
washed residue was dissolved in chloroform and dried by rotary
evaporation. The purified tangeretin was obtained as previously
reported (22) and stored at +4°C for up to 1 yr. All tissue culture
reagents and plasticware were purchased from Life Technolo-
gies (Burlington, Ontario, Canada). MG-132 (carbobenzoxy-L-
leucyl-L-leucyl-L-leucinal) was from Calbiochem-Novabiochem
(La Jolla, CA). Unless otherwise stated, all other reagents were
obtained from Sigma (St. Louis, MO).

Cell culture. HepG2 cells (American Type Culture Collec-
tion, Rockville, MD) were grown and maintained as described
previously (6). Experimental media consisted of serum-free
minimum essential medium containing 1% BSA. Immediately
before use, tangeretin was solubilized in DMSO at a concen-
tration of 67.1 mM. Final DMSO concentrations that were
added to the cells did not exceed 0.5%. Untreated control cells
were incubated with DMSO at corresponding concentrations.

ApoB ELISA and cellular lipid mass. ApoB concentrations in
cell culture media were determined by a competitive ELISA es-
sentially as described previously (6,23). Cellular free cholesterol,
CE, and TAG contents were measured by enzymatic kits accord-
ing to the manufacturer’s protocol (Boehringer-Mannheim,
Montréal, Québec, Canada) after extraction of lipids and their
resolubilization (24,25).

Cholesterol and TAG synthesis. Cells were labeled with
[1-14C]acetate (0.5 µCi/mL) (Amersham Oakville, Ontario,
Canada) to measure the rate of synthesis of cholesterol and CE
or with [1-14C]glycerol (0.5 µCi/mL) (Amersham) to determine
the rate of TAG synthesis. The incorporation of radioactive trac-
ers into cellular lipids was determined as described previously
(6,7). The radioactivity incorporated into free cholesterol, CE,
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and TAG was measured after separation of the lipid species by
TLC (26). Cell proteins in parallel dishes were digested in 1 mL
of 0.1 N NaOH and measured as described below.

DGAT activity assay. Cells were harvested into a Tris buffer
(175 mM, pH 7.8) and homogenized with a sonicator. Esterifica-
tion of DAG was measured by using labeled palmitoyl-CoA as
described by Grigor and Bell (27). The assay was performed in a
total volume of 250 µL of Tris buffer (175 mM, pH 7.8) contain-
ing FA-free BSA (0.14 mg/mL), MgCl2 (4 mM), and 0.25
µCi/mL [palmitoyl 1-14C]palmitoyl-CoA (40–60 mCi/mmol
(PerkinElmer Life Science Research Products, Boston, MA).
After a 10-min preincubation at 23°C, the reaction was started
by adding homogenized cells (400 µg cell protein/mL) and 1,2-
DAG (400 µM) for 10 min. The reaction was terminated by the
addition of hexane, and the TAG formed was extracted and sub-
jected to TLC in chloroform/acetic acid (96:4). Preliminary ex-
periments indicated that whole-cell DGAT activity correlated
with microsomal DGAT activity and that the assay was linear up
to 1000 µg/mL of cell protein (data not shown).

MTP activity assay. Cells were harvested into a Tris buffer
(10 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4) and ho-
mogenized with a sonicator. The MTP activity in the cell ex-
tracts was measured by a fluorescent assay according to the
manufacturer’s protocol (Roar Biomedical, New York, NY).
The MTP activity assay uses fluorogenic-labeled donor lipo-
somes and phospholipid acceptor liposomes. Measurements
were made within the linear range of the assay.

PPAR activity assay. An electrophoretic mobility shift assay
(EMSA) was performed using the PPAR GELSHIFTTM kit ac-
cording to the manufacturer’s protocol (Geneka Biotechnol-
ogy, Inc., Carlsbad, CA). Nuclear protein extracts (5 µg pro-
tein) were prepared essentially as described by Dignam et al.
(28). The extracts were then incubated in 20 µL of total reac-
tion volume, which contained 3 × 106 cpm 32P-labeled probe
and 15 µL of binding buffer containing 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid. DNA–protein complexes were
separated from the unbound DNA probe on a native 5% poly-
acryl-amide gel by electrophoresis at 200 V for 1 h. The se-
quence of the double-stranded oligonucleotide probes (labeled
with T4 kinase and [γ-32P]ATP and purified using micro-spin
columns) containing the PPAR-α, -β, and -γ consensus was as
follows: 5′-GGAACTAGGTCAAAGGTCATCCCCT-3′. Un-
labeled competitor oligonucleotides were added in a 100-fold
excess to confirm the specificity of the binding reactions. The
band intensity of the autoradiograph was analyzed and quanti-
fied using the Gel DocTM gel documentation system (Bio-Rad
Laboratories, Inc., Hercules, CA).

Other methods. Cell protein content was measured using
the Coomassie plus protein assay (Pierce, Rockford, IL) with
BSA as the standard. Protein synthesis and secretion were
quantitated by TCA precipitation as described previously
(29). The MTT [3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazoloum bromide] assay was performed according to the
method described by Hansen et al. (30) as modified by
Kurowska (23).

Statistical analysis. The data are presented as means ± SEM

of three independent experiments performed in duplicate. All
results with apoB and lipids were normalized to the amount of
cellular protein. Statistical analysis was done using Student’s
t-test, and P < 0.05 was considered significant.

RESULTS

Tangeretin inhibits apoB secretion time-dependently. To deter-
mine the time-course effect of tangeretin-induced decreases in
net apoB production, the effect of the most active nontoxic con-
centration of tangeretin (72.8 µM) on medium accumulation of
apoB was analyzed after a 2, 4, and 8 h of exposure to HepG2
cells. Preliminary experiments showed cell viability was not
compromised at the 72.8 µM concentration as assessed by the
MTT assay (data not shown). At the end of each incubation,
culture media were collected and apoB was measured by
ELISA. The results demonstrated that different incubation pe-
riods with 72.8 µM tangeretin caused very rapid reduction in
net apoB secretion in a time-dependent manner. As shown in
Figure 1, after a 2-h exposure to tangeretin, medium apoB con-
tent was significantly decreased by 52% (n = 3, P < 0.05 vs. the
DMSO control), and the effects were more pronounced as in-
cubation continued.

Tangeretin does not inhibit total protein synthesis and secre-
tion. As a control to determine whether the effect of tangeretin
was specific to apoB, cells were incubated with or without 72.8
µM tangeretin in the presence of 3H-leucine (5 dpm/pmol) for 0,
1, 2, 3, and 4 h. The incorporation of label into cell and medium
proteins was quantified by TCA precipitation. The results
demonstrated that TCA-precipitable radioactivity from media
and cells incubated with tangeretin remained unchanged vs. the
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FIG. 1. Time-course effect of tangeretin on apolipoprotein B (apoB) ac-
cumulation in the media. Confluent HepG2 cells were incubated for 2
to 8 h in the absence (control) or presence of 72.8 µM of tangeretin.
ApoB in the cell culture media was quantified by ELISA and expressed
per milligram cell protein. Values are means ± SEM, n = 3. All tan-
geretin-treated values were significantly lower than the control values
(P < 0.05).



untreated control (data not shown, n = 3, P < 0.05), indicating
that the flavonoid did not alter total protein synthesis and se-
cretion. This suggests that the effect of tangeretin on medium
apoB content was specific.

Tangeretin-induced inhibition of net apoB secretion is partly
reversible. To establish whether the apoB-lowering effect of
tangeretin is reversible, HepG2 cells were incubated with 72.8
µM tangeretin for 24 h and then postincubated in a flavonoid-
free media for 10 and 24 h. Aliquots of media were collected
after the initial 24-h incubation and after the postincubation pe-
riods. ApoB secretion was analyzed by ELISA as just de-
scribed. After both postincubation periods, net apoB secretion
returned to within 70–80% of control values (Fig. 2), which
suggests that HepG2 cells were, to some degree, able to recover
from the apoB-reducing effect of tangeretin.

Tangeretin does not increase the proteasomal degradation
of apoB. To determine whether an increase in proteasomal
degradation could be responsible for the tangeretin-induced de-
cline in net apoB secretion, HepG2 cells were exposed to tan-
geretin in the absence and presence of MG-132, a specific in-
hibitor of the 26S proteasome. HepG2 cells were preincubated
for 1 h in the absence or presence of 10 µM MG-132, followed
by a 4-h incubation with 72.8 µM tangeretin in the absence or
presence of 10 µM MG-132. Aliquots of media were collected
at the end of the 5-h treatment, and apoB secretion was ana-
lyzed by ELISA. Addition of MG-132 to the untreated control
cells raised the medium apoB concentration by 62% (Fig. 3),
indicating a protection of apoB from proteasomal degradation.
This is consistent with previous data (6,31). In the presence of
tangeretin, however, MG-132 failed to block the proteosomal
degradation of apoB. After the incubation of cells with tan-
geretin, an equally marked reduction in apoB secretion was ob-

served in the absence and presence of MG-132 (91 and 93%,
respectively) (n = 3, P < 0.05). Thus, our results indicate that
tangeretin does not exert its apoB-lowering effect by increas-
ing proteasomal degradation of the nascent apoB molecule.

Tangeretin inhibits net apoB secretion in oleate-stimulated
cells. To assess the effect of oleate-stimulated increases in cel-
lular lipid biosynthesis on a tangeretin-induced decline in
medium apoB, cells were incubated with or without oleate-rich
medium in the presence and absence of 72.8 µM tangeretin.
HepG2 cells were initially incubated for 1 h in the absence or
presence of 0.8 mM sodium oleate. This was followed by a 4-h
incubation in the presence or absence of 72.8 µM tangeretin,
with or without 0.8 mM sodium oleate. ApoB secretion was
measured by ELISA. After the 4-h exposure to tangeretin, the
inhibition of net apoB secretion was similar for oleate-treated
cells and non-oleate-treated cells (74 and 86%, respectively) (n
= 3, P < 0.05 vs. the respective controls) (Fig. 4). In the pres-
ence of oleic acid alone, net apoB secretion increased by 32%
compared with the untreated control, consistent with earlier
data (32). The results suggest that tangeretin also may reduce
the net apoB secretion under lipid-rich conditions.

Tangeretin inhibits cellular synthesis and accumulation of
lipids. To determine whether exposure to tangeretin altered the
biosynthesis of cellular lipids, the effects of tangeretin on the
synthesis of cholesterol, CE, and TAG were assessed by measur-
ing the rate of incorporation of [1-14C]acetate and [1-14C]glyc-
erol into cellular lipids. Also, lipid mass was determined as a
confirmatory test. Cells were treated for 24 h in the presence and
absence of 72.8 µM tangeretin. As shown in Figure 5, tangeretin
significantly reduced the rate of incorporation of radiolabeled
precursors into cellular cholesterol, CE, and TAG (45, 82, and
64%, respectively) (n = 3, P < 0.05 vs. the respective controls).
The incubation with tangeretin also significantly decreased the
mass of cellular TAG by 37% (n = 3, P < 0.05 vs. the untreated
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FIG. 2. Reversibility of the tangeretin effect on apoB secretion. Conflu-
ent HepG2 cells were incubated for 24 h in the absence or presence of
72.8 µM of tangeretin. The medium was removed and assayed for apoB
content by ELISA. Cells were subsequently incubated with tangeretin-
free medium for a further 12 or 24 h. The medium was again removed
and assayed for apoB content by ELISA. The results are presented as a
percentage of the control. Values are means ± SEM, n = 3; *P < 0.05 vs.
control. For abbreviation see Figure 1.

FIG. 3. Effect of tangeretin on net apoB secretion in the presence of car-
bobenzoy-L-leucyl-L-leucyl-L-leucinal (MG-132). Confluent HepG2 cells
were preincubated for 1 h in the absence or presence of 10 µM MG-132
and incubated for a further 4 h in the absence or presence of 72.8 µM
tangeretin, with or without MG-132. The medium was collected, and
apoB secretion was measured by ELISA. The results are presented as a
percentage of the control. Values are means ± SEM, n = 3; *P < 0.05 vs.
the respective control. For other abbreviations see Figure 1.



control) but did not alter the mass of cellular cholesterol and CE
(Figs. 6A and 6B). The data indicate that the apoB-lowering ef-
fect of tangeretin was associated with reduced rates of synthesis
of a number of core lipids and with a selective decrease in cellu-
lar accumulation of TAG.

Tangeretin decreases DGAT and MTP activities. To deter-
mine whether tangeretin-induced decreases in the cellular syn-
thesis and accumulation of TAG were due to an inhibition of
DGAT, the rate-limiting enzyme in TAG synthesis, cells were
incubated in the presence of various concentrations of tan-
geretin for 24 h and DGAT activity was measured. As shown
in Figure 7A, tangeretin added in various concentrations to the

culture medium for 24 h decreased the rate of incorporation of
[14C]palmitoyl-CoA into cellular TAG. The percent inhibition
of DGAT activity was 35.5 ± 3.5% for a tangeretin concentra-
tion of 29.1 µM and 39.0 ± 3.0% for a tangeretin concentration
of 72.8 µM (n = 3, P < 0.05 vs. the DMSO control). Using the
same basic protocol, various concentrations of tangeretin were
subsequently tested for their effect on the activity of MTP. As
shown in Figure 7B, tangeretin decreased MTP activity by 22
± 1% at a concentration of 29.1 µM and by 35.5 ± 2.5% at a
concentration of 72.8 µM (n = 3, P < 0.05 vs. control). The re-
sults of these studies demonstrate that tangeretin dose-depen-
dently inhibited DGAT and MTP activities in HepG2 cells.

Tangeretin increases PPAR activity. To further characterize
the decrease in TAG mass, we measured the activity level of
PPAR. Activation of PPAR has been shown to enhance β-oxi-
dation (19,20), which may provide an alternative mechanism
for the decrease in TAG mass.

Cells were treated with tangeretin at concentrations of 29.1
or 72.8 µM for 24 h and PPAR activity in the homogenates was
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FIG. 4. Effect of tangeretin on net apoB secretion in the presence of ex-
ogenous oleate. Confluent HepG2 cells were preincubated for 1 h in
the absence or presence of 0.8 mM sodium oleate and incubated for a
further 4 h in the absence or presence of 72.8 µM tangeretin, with or
without oleate. Medium was collected and apoB secretion was mea-
sured by ELISA. The results are presented as a percentage of the control.
Values are means ± SEM, n = 3; *P < 0.05 vs. the respective control.
For abbreviations see Figure 1.

FIG. 5. Effect of tangeretin on cellular lipid synthesis. Confluent HepG2
cells were preincubated for 19 h in the medium with or without 72.8
µM tangeretin and then labeled for 5 h with [1-14C]acetate or
[1-14C]glycerol in the presence or absence of 72.8 µM tangeretin. The
radioactivity incorporated into cellular lipids was determined by TLC
and scintillation counting. The results are presented as a percentage of
the control. Values are means ± SEM, n = 3; *P < 0.05 vs. control. 

FIG. 6. Effect of tangeretin on the cellular mass of (A) cholesterol and
(B) TAG. HepG2 cells were incubated for 24 h in the absence or pres-
ence of 72.8 µM tangeretin. Following incubation, cellular lipids were
extracted, quantified by spectrophotometric assays, and expressed per
milligram of cell protein. Values are means ± SEM, n = 3; *P < 0.05 vs.
control. 

FIG. 7. Effect of tangeretin on (A) diacylglycerol acyltransferase (DGAT)
and (B) microsomal triglyceride transfer protein (MTP) activities. HepG2
cells were incubated for 24 h with or without tangeretin at concentrations
of 29.1 and 72.8 µM, harvested, and homogenized. DGAT activity was
measured using labeled palmitoyl-CoA, and MTP activity was determined
by a fluorescent assay. The results are presented as a percentage of the
control. Values are means ± SEM, n = 3, *P < 0.05 vs. control. DGAT ac-
tivity in control cells was 260 nmol/min/mg (experiment 1), 350
nmol/min/mg (experiment 2), and 297 nmol/min/mg (experiment 3).



assessed by EMSA. Figure 8 is the autoradiograph of a typical
experiment with a corresponding table. The results demonstrate
that incubation with increasing concentrations of tangeretin
stimulated HepG2 cell PPAR activation in a dose-dependent
manner. Tangeretin increased PPAR activation by 25% at a
concentration of 29.1 µM and by 36% at a concentration of
72.8 µM. The results suggested that tangeretin-induced in-
creases in PPAR activity might contribute to the observed de-
creases in cellular accumulation of TAG via β-oxidation. The
experiment was repeated twice with similar results.

DISCUSSION

In our initial studies, we examined the time-course effect of tan-
geretin-induced decreases in net apoB secretion as well as the
specificity and reversibility of the tangeretin-mediated apoB-
lowering effect. Incubation with the maximum nontoxic concen-
tration of tangeretin decreased net apoB secretion very rapidly,
with a 50% reduction in medium apoB mass produced after only
2 h. This early onset was similar to that reported for hesperetin
and naringenin except that the decline in medium apoB levels
occurred after 4 h (6). Our data suggest that the tangeretin-
induced apoB-lowering response was largely mediated by sup-
pressing the assembly and secretion of apoB-Lp. The increased
reuptake of apoB-Lp was unlikely to play an important role in
the diminished apoB accumulation since the receptor-mediated
modulation of apoB-Lp is regulated at the level of gene expres-
sion and therefore could not occur as early as 2 h after initiation
of the treatment (33). The tangeretin-induced apoB-lowering re-
sponses appeared to be apoB-specific, as demonstrated by the
lack of difference in intracellular and secreted TCA-precipitable
radioactivity between cells incubated with and without tan-
geretin. This observation was consistent with a similar specificity
of apoB modulation reported for hesperetin, naringenin, and
quercetin (6,18). Incidentally, hesperetin and naringenin also
had little influence on the secretion of HDL-associated

apolipoprotein A-I (7), suggesting that the same might hold
true for tangeretin. Our experiments further revealed that the
effect of tangeretin, similar to that of hesperetin and naringenin,
was not completely reversible. The impaired ability of HepG2
cells to recover fully from the apoB-lowering effect caused by
the 24-h exposure to tangeretin might be related to the long res-
idency time of flavonoid metabolites inside the cells. It is now
well documented that animal and human hepatocytes have the
ability to metabolize flavonoids, largely to glucuronides (34–36;
Kurowska, E.M., and Manthey, J.A., unpublished data). How-
ever, the hepatocyte-mediated conversion of flavonoids into
their conjugated derivatives might be relatively slow. It was
previously shown that HepG2 cells exposed to the flavonoid
chrysin metabolized 50% of the compound after a 6-h incuba-
tion and that less than 10% of the unmetabolized chrysin was
detected in the medium after 24 h (36).

The results of our subsequent studies were aimed at investi-
gating the mechanisms of action of tangeretin on apoB secre-
tion. That regulation of hepatic apoB secretion occurs at the co-
translational and posttranslational levels is widely accepted, as
nascent apoB molecules are either secreted or degraded intra-
cellularly. An ER-localized ubiquitin-proteasome pathway has
been primarily implicated in the intracellular degradation of
apoB (reviewed in Ref. 37). Davis (37) has proposed that in the
presence of lipids, the ubiquinated apoB can be assembled into
lipoproteins and be secreted. Our results demonstrate that the
tangeretin-induced medium apoB-lowering responses were not
reversed in the presence of the specific 26S proteasome inhibitor
MG-132, despite an increase in apoB secretion observed in the
presence of MG-132 alone. This suggests that tangeretin was un-
likely to act by enhancing the proteasome-mediated cotransla-
tional degradation of newly synthesized apoB. Increased protea-
somal activity was also unlikely to play a role in the modulation
of net apoB secretion by another flavonoid, taxifolin (17).
However, evidence for involvement of the proteasomal path-
way was recently demonstrated for naringenin (8). The cause
for the discrepancy remains unknown.

To determine whether the apoB-lowering effect of tan-
geretin may be maintained under lipid-rich conditions, HepG2
cells were challenged with oleic acid. The net apoB secretion
was increased in the presence of oleate alone, presumably due
to a stimulation of TAG synthesis, which is thought to protect
fully formed apoB from posttranslational degradation in the ER
compartment (32). Addition of tangeretin reversed the stimula-
tory effect of oleate, and the degree of inhibition was compara-
ble to that observed in the absence of oleate. Thus, our results
indicate that tangeretin might induce medium apoB-lowering
responses possibly by decreasing the rate of synthesis of TAG
and/or other cellular lipids. The inhibition of apoB secretion in
oleate-stimulated cells was also previously described for taxi-
folin, quercetin, hesperetin, and naringenin (7,17,18).

The possibility that tangeretin might inhibit the net apoB se-
cretion by reducing the rates of synthesis of one or more cellular
lipids was confirmed in experiments using the radiolabeled lipid
substrates [1-14C]acetate and [1-14C]glycerol. The results indi-
cated that exposure of HepG2 cells to tangeretin in serum-free
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FIG. 8. Effect of tangeretin on peroxisome proliferator-activated recep-
tor (PPAR) activity. HepG2 cells were incubated for 24 h with or with-
out tangeretin at concentrations of 29.1 and 72.8 µM, and nuclear pro-
teins were isolated. PPAR activity was determined by electrophoretic
mobility shift assay and autoradiography. Band intensities were scanned
densitometrically. The figure is a representative autoradiograph show-
ing the signals to PPAR with its corresponding table. The results in the
bar chart are presented as a percentage of the control. 



media significantly decreased the rates of synthesis of cellular
CE, free cholesterol, and TAG. The flavonoid-induced inhibition
of cellular cholesterol and CE synthesis was also observed ear-
lier for hesperetin, naringenin, genistein, daidzein, and taxifolin,
and these effects were associated with suppressed cellular cho-
lesterol esterification, reduced activity and expression of ACAT,
and/or suppressed activity of HMGR (6,7,16,17). In contrast, the
inhibition of TAG synthesis was thus far demonstrated for only
one flavonoid, taxifolin (17). In the presence of hesperetin, narin-
genin, and soy isoflavones, hepatic TAG synthesis was either un-
changed or slightly stimulated (6,16). Again, the cause for the
discrepancy remains unknown but suggests that structural differ-
ences in these polyphenolic compounds can influence lipid me-
tabolism differently. The methoxy side groups found in tan-
geretin may have additional lipid-lowering properties in terms of
TAG synthesis. Incubation with tangeretin also reduced the mass
of intracellular TAG but did not affect the mass of intracellular
cholesterol. The absence of the expected cholesterol mass reduc-
tion remains unexplained; however, the results suggest that tan-
geretin might promote cholesterol turnover by inhibiting its syn-
thesis while at the same time enhancing its catabolism. 

The question remains as to which lipid and enzyme is pre-
dominantly responsible in the assembly of apoB-Lp under
flavonoid treatment. Borradaile et al. (8) recently made progress
in this area by ruling out ACAT activity and CE availability in
the regulation of apoB-Lp by the citrus flavonoid naringenin in
HepG2 cells. By comparing naringenin to selective HMGR,
ACAT, and MTP inhibitors, they concluded that naringenin in-
hibited apoB secretion by limiting the accumulation of TAG in
the active microsomal lumenal pool via MTP inhibition (8,9).
It is suggested that MTP, in addition to catalyzing the transfer
of lipids to nascent apoB molecules, facilitates the transfer of
newly synthesized TAG from the microsomal membrane into
the lumen (reviewed in Ref. 38). In HepG2 cells, the microso-
mal lumenal TAG pool is viewed as the regulatory pool respon-
sible for lipoprotein assembly (39). Thus, the suppression of
TAG synthesis and the reduction in cellular TAG accumulation
with tangeretin were likely to be the primary mechanisms re-
sponsible for their apoB-lowering effect.

The observed suppression of cellular TAG synthesis and
mass in the tangeretin-treated cells remained in agreement with
our in vivo results, which demonstrated that dietary supplemen-
tation with tangeretin or with mixed PMF decreased the hepatic
accumulation of TAG in hypercholesterolemic hamsters
(Kurowska, E.M., and Manthey, J.A., unpublished data).

The unique ability of tangeretin to reduce cellular TAG syn-
thesis prompted us to focus on investigating its effect on the
activity of DGAT, a microsomal enzyme that plays a central
role in the esterification of FA to form TAG. DGAT catalyzes
the terminal step in cellular TAG synthesis by using DAG and
fatty acyl-CoA. It therefore controls the availability of TAG for
the assembly and secretion of lipoproteins (40). Our data indi-
cate that incubation of HepG2 cells with various concentrations
of tangeretin inhibited DGAT activity. However, the 39% sup-
pression of the enzyme achieved after a 24-h exposure to 72.8
µM tangeretin was not sufficient to explain the greater 64% in-

hibition of TAG synthesis, as assessed by the incorporation of
[1-14C]glycerol into cellular TAG. It is therefore possible that
tangeretin also modulated activities of other enzymes involved
in TAG synthesis or that it diminished the availability of FA for
TAG synthesis by increasing FA β-oxidation. The involvement
of DGAT in the flavonoid-induced control of apoB secretion
also has been demonstrated for quercetin incubated with human
intestinal CaCo-2 cells (18). 

The reduced availability of TAG, via inhibition of DGAT
activity, partly accounted for the tangeretin-induced decreases
in net apoB secretion. Previous evidence has suggested that
MTP-dependent modulation in TAG availability within the ER
lumen is also an important determining factor in the assembly
and secretion of apoB-Lp (8,37). In our study, tangeretin dose-
dependently reduced MTP activity by up to 36%. This effect
was very similar to that reported for hesperetin and naringenin
(7). Taken together, the inhibition of MTP activity combined
with the 39% suppression in DGAT activity could contribute to
the decrease in medium apoB accumulation observed with tan-
geretin (72.8 µM, 24 h). The relatively weak dose-dependency
of both DGAT and MTP suppression in response to treatment
with 29.1 and 72.8 µM tangeretin corresponded to the equally
weak dose-dependency of medium apoB reduction observed in
HepG2 cells treated with the same concentrations of tangeretin
for 24 h (80 and 86%, respectively) (3). 

Since DGAT and MTP activity results suggest that other
mechanisms may be involved in limiting TAG availability
under our conditions, we sought to examine the effect of tan-
geretin on TAG availability by assessing its impact on activa-
tion of cellular PPAR. In the liver, PPARα activation has been
shown to reduce the quantity of FA available for synthesis of
TAG by enhancing β-oxidation of FA via increased expression
of the two rate-limiting enzymes of the peroxisomal and mito-
chondrial FA oxidation, acyl CoA oxidase and carnitine palmi-
toyl-CoA transferase (21). This mechanism could therefore be
responsible for DGAT-independent inhibition of TAG synthe-
sis in tangeretin-treated HepG2 cells. Our results demonstrated
that tangeretin dose-dependently activated hepatocellular
PPAR by as much as 36%. This suggests that tangeretin may
limit the availability of FA and thus reduce the lipid compo-
nents necessary for lipoprotein assembly. The hypothesis that
tangeretin might act as a natural PPAR agonist is interesting
since several synthetic PPARα agonists have proven effective
in the treatment of dyslipidemia and diabetes (41,42).

In conclusion, our data suggest that tangeretin, a novel hy-
polipidemic flavonoid from citrus fruits, lowers the secretion of
apoB-Lp by decreasing cellular TAG availability via at least
three major mechanisms: inhibition of DGAT activity and TAG
synthesis, inhibition of MTP-mediated accumulation of newly
synthesized TAG within the ER lumen, and activation of PPAR.
Additionally, the inhibition of net apoB secretion by tangeretin
might be partly mediated via suppression of the MTP-catalyzed
transfer of core lipids to nascent apoB molecules. The fact that
tangeretin affects many key factors involved in the regulation of
hepatic apoB secretion may have important clinical implications
in the treatment of hypertriglyceridemia associated with obesity
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and type 2 diabetes. Further studies are therefore needed to ex-
amine the potential therapeutic applications of this novel nu-
traceutical agent.
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ABSTRACT: To study whether Atlantic salmon β-oxidation was
affected by dietary FA composition, an in vitro study with pri-
mary hepatocytes was undertaken. Isolated hepatocyte cultures
were stimulated with either 16:0, 18:1n-9, 18:2n-6, 18:3n-3,
20:5n-3, or 22:6n-3 in triplicate for 24 h. In addition, a control
was included where no FA stimulation was performed, also in
triplicate. After stimulation, radiolabeled [1-14C]18:3n-3 was
added and the cells were incubated for 2 h at 20°C. The cells
were then harvested, and radioactivity was determined in the
acid-soluble part of the cells and medium, i.e., the end prod-
ucts of the β-oxidation pathway. Specific β-oxidation activity
was significantly higher in hepatocytes stimulated with 18:3n-3.
Further, when taking into account the amount of radiolabeled
[1-14C]18:3n-3 taken up by the cells—the relative amount of β-
oxidized [1-14C]18:3n-3 of the total FA taken up by the hepato-
cytes—no significant differences were found. Thus, the regulation
of β-oxidation activity in the primary Atlantic salmon hepato-
cytes seems to be at the level of FA uptake and transport into
the cell. This in vitro study shows that the catabolism processes in
salmon hepatocytes are affected by the FA available and probably
already regulated at the level of FA uptake.

Paper no. L9384 in Lipids 39, 153–160 (February 2004).

In vitro studies done on mitochondrial β-oxidation in fish sug-
gest that there exist substrate preferences for saturated and
monounsaturated FA over PUFA (reviewed by Henderson,
Ref. 1). Further, 22:1n-11 and 16:0 were found to serve
equally well as substrates for mitochondrial β-oxidation in
trout (Onchorhynchus mykiss) liver (2). Trout liver mitochon-
dria, however, are reported to oxidize 18:0, 18:1, 18:2, and
18:3 at the same rate, 70–80% of pyruvate (3). This was in
contrast with red muscle mitochondria, where monounsatu-
rated FA and 22:1 and 22:6n-3 were oxidized at higher rates
than 18:2n-6 and 18:3n-3 (3). Further, in developing yolk-sac
larvae of Atlantic halibut (Hippoglossus hippoglossus L.),
22:6n-3 was reported to be the quantitatively most important
FA in energy metabolism (4). Certain vegetable oils contain
high levels of FA such as 16:0 and 18:1n-9, possibly preferred
for β-oxidation. Potentially, although not previously shown,

increased energy production from FA may spare dietary pro-
tein used for energy production; thus, higher levels of amino
acids may be available for muscle growth in Atlantic salmon.

Generally, the key point in the regulation of mitochondrial
β-oxidation is thought to be carnitine palmitoyl transferase I
(CPT-I); CPT-I may be inhibited by malonyl-CoA, which is
synthesized by the action of acetyl-CoA carboxylase. The in-
hibition of CPT-I by malonyl-CoA has also been confirmed
in Atlantic salmon (5). Both natural factors, such as high-fat
diets and PUFA, as well as fibrates can induce mitochondrial
and peroxisomal β-oxidation in rodents (6–9). Increased β-
oxidation capacities in rat liver may be due to the prolifera-
tion of mitochondria and peroxisomes, leading to increased
expression of the enzymes involved in β-oxidation (9–11).
There are, however, major species differences in the peroxi-
somal response, and it has been reported that the peroxisomal
acyl-CoA oxidase activity in salmon hepatocytes is only
mildly increased by fibrates and that the activity is not signif-
icantly increased after FA treatment (12).

To increase the β-oxidation capacity in cells and tissues,
the number of mitochondria, peroxisomes, and enzymes and/
or enzyme activity has to increase (13). Certain FA, such as
20:5n-3, have been found to act as mitochondrial prolifera-
tors, thus increasing the capacity for β-oxidation, whereas
prolonged feeding of 22:6n-3 increases peroxisomal β-oxida-
tion in rats (6). In an experiment in which Atlantic salmon
post-smolt were fed diets with different FA compositions, no
changes were found in tissue β-oxidation capacity due to di-
etary FA composition (14). Thus, to study the effects of di-
etary FA on Atlantic salmon β-oxidation capacity, in vitro
studies must first be undertaken. The aim of this study was to
investigate whether stimulating primary hepatocytes with sat-
urated, monounsaturated, and n-6 and n-3 FA of different
chain lengths and unsaturation would affect the hepatocyte β-
oxidation capacity of Atlantic salmon.

MATERIALS AND METHODS

Fish and hepatocyte isolation. Atlantic salmon post-smolt,
with weights ranging from 128 to 331 g, were anesthetized
with methomidate (7 g L–1) and killed with a blow to the head.
Livers were weighed (hepatosomatic index ranged from 1.1 to
1.3%), and hepatocytes were isolated as described by Bell and
coworkers (15). Briefly, the liver was removed from the fish im-
mediately after death, and the gall bladder and the main blood
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vessels were removed from the liver prior to perfusion via the
hepatic vein with solution A [calcium- and magnesium-free
Hank’s solution (HBSS; GIBCO, Invitrogen Co., Grand Island,
NY), with 10 mM HEPES and 1 mM EDTA (Sigma, St. Louis,
MO)] to clear blood from the tissue. The liver was finely cut
with scissors and incubated with solution A containing 0.1%
collagenase (Type 2; GIBCO) for 45 min at 20°C in a shaking
water bath. The digested liver was then filtered through 100-µm
nylon gauze, and the cells were collected by centrifugation at
1000 × g for 5 min. The supernatant was removed, and the cell
pellet was washed with 20 mL of solution A containing 1% FA-
free BSA (FAF-BSA), followed by another centrifugation at
1000 × g for 5 min at 4°C. The supernatant was removed, and
the cells were resuspended in 5 mL of medium L-15 (BioWhit-
taker, Rockland, ME) containing 10 mM HEPES and 200 mM
glutamine (GIBCO). One hundred microliters of the cell suspen-
sion was mixed with 100 µL tryptophan blue to investigate the
viability and count the amount of hepatocytes using a light mi-
croscope. A high viability (92–98%) of unstained cells was rou-
tinely observed. The cell suspension was then diluted to a con-
centration of 2.5 mill cells mL–1 prior to dispersion into 25-cm2

flasks. One hundred microliters was retained for protein deter-
mination, which was performed using a Technicon RA-1000
clinical analyzer system (Bayer, Paris, France) according to stan-
dard Technicon methods, also described by Sandnes et al. (16).

The primary cell cultures were preincubated at 20°C for 24 h
prior to initiating the experimental conditions. Each experimen-
tal treatment was performed in triplicate, except for stimulation
with 18:1n-9, which was performed with four parallels. The
study was approved by the local ethics committee at NIFES.

Pilot experiment. Prior to the experiment with FA stimula-
tion, a pilot experiment was performed to test the optimal FA
concentration and time of stimulation. Hepatocytes, at a density
of ca. 5 × 105 cells/cm2, were incubated with a final concentra-
tion of either 60 or 200 µM 18:3n-3 and a control without FA
added to medium G [i.e., 1 mL glutamine, 1 mL penicillin/ strep-
tomycin/fungiozone; 10,000 U/10,000 µg/25 µg mL–1, 2 mL 2%
Ultroser G (E. Pedersen and Son AS, Oslo, Norway), amount-
ing to 100 mL with L-15 medium]. Stimulation was performed
for either 4, 24, or 48 h at 20°C prior to assaying for β-oxidation
activity as described below. 

Stimulation of hepatocytes with different FA. Hepatocytes,
at a density of ca. 5 × 105 cells/cm2, were incubated with 60
µM (final concentration) of either 20:5n-3, 22:6n-3, 18:3n-3,
18:2n-6, 18:1n-9, or 16:0 (Sigma) bound to FAF-BSA and a
control with no FA added in 25-m2 cell culture flasks and with
a total volume of 5 mL using medium L-15 (BioWhittaker)
mixed with glutamine, penicillin/streptomycin, and Ultroser.
The incubation was performed at 20°C for 24 h followed by an
assay for β-oxidation activity as described below. Samples for
lactate dehydrogenase (LDH) (EC 1.1.1.27) activity and pro-
tein were harvested at the start, after 24 h of FA stimulation fol-
lowing the addition of radiolabeled FA. LDH was quantified ac-
cording to Technicon method No. SM4-0170D91 by RA1000.
Total protein measurements were used to calculate specific
LDH activity in the medium as units (U)/mg protein, with 1 U

defined as 1 µmol NADH consumed min–1 (12). An increase in
LDH activity in the medium during the cell experiment indicated
decreased viability of the cells, causing leakage of LDH from
the cells.

Assay of hepatocyte β-oxidation activity. Radioactive acid-
soluble products including HCO3

– were measured in isolated
hepatocytes using [1-14C]18:3n-3 (American Radiolabeled
Chemicals, Inc., St. Louis, MO) bound to FAF-BSA as sub-
strate essentially as described previously (7,17–19). The he-
patocytes, dispensed in 5 mL with medium G (as described
previously) in 25-cm2 cell culture flasks, were treated with
0.925 MBq of [1-14C]18:3n-3 bound to FAF-BSA, prepared
as described by Bell et al. (15). After the addition of radiola-
beled FA, the flasks were incubated for 2 h at 20°C with the
screw cap closed to prevent escape of CO2; thus, CO2 was
dissolved as HCO3

– in the medium. The incubation was ter-
minated after 2 h by cooling the culture flasks on ice. The cell
layer was removed from the flask using a cell scraper, and the
cell suspension was transferred into a 10-mL conical plastic
tube. The flask was washed with 1 mL of ice-cold HBSS/
FAF-BSA (Hank’s solution with FAF-BSA, 50 mg mL–1).
The cell suspension was centrifuged for 5 min at 1400 × g. The
supernatant (medium) was then transferred to a clean 10-mL
conical plastic tube. For determination of acid-soluble prod-
ucts, 250 µL of the medium was mixed with 100 µL of 6%
FAF-BSA and shaken well; 1 µL ice-cold 1 M HClO4 (Merck
KGaA, Darmstadt, Germany) was then added to precipitate
nonoxidized [1-14C]18:3n-3. The mix was centrifuged at
2400 × g for 10 min, and 500 µL of the supernatant, mixed
with 8 mL of scintillation cocktail (LumasafeTM Plus; Amer-
sham Pharmacia Biotech, Little Chalfont, Buckinghamshire,
England), was counted for radioactivity. The cell pellet was
washed with 5 mL ice-cold HBSS (GIBCO) containing 1%
FAF-BSA and then centrifuged at 1400 × g for 5 min. After
discarding the supernatant, the cell pellet was resuspended in
1 mL ddH2O and analyzed for acid-soluble products and total
radioactivity as just described. CO2 was reported by Frøyland
and coworkers (17) to account for less than 10% of total ac-
tivity; thus, media were precipitated as described above.

Statistical analysis. Significant differences in β-oxidation be-
tween treatments were analyzed by breakdown and one-way
ANOVA followed by Tukey’s honestly significant differences
test, using CSS:Statistica (v. 4.5; StatSoft Inc., Tulsa, OK). The
significance level was set at P ≤ 0.05, and data are presented as
mean ± SD. The number of experimental units in this study was
set as the number of cell culture flasks in each experimental
group (n = 3, and n = 4 for 18:1n-9 stimulation).

RESULTS

In the pilot experiment, the recovery of radiolabeled 18:3n-3
ranged from 86 to 101%, irrespective of the concentration of FA
or time of stimulation. Viability of the cells, measured as in-
creased LDH in the medium, was increased by less than 10%
during the 48 h of FA stimulation in all groups except the group
stimulated with 200 µM for 48 h, where LDH activity increased
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by 30%. Further, viability of the cells, measured by staining with
tryptophan blue, showed high viability in all groups (92–98%
unstained cells). To determine the optimal time of stimulation
with the different FA, samples were analyzed after 4, 24, and 48
h of stimulation. There was a decrease in β-oxidation activity of
[1-14C]18:3n-3 in the cells with stimulation with 18:3n-3 for 4
to 48 h (Fig. 1). The decrease was highest when the FA concen-
tration was 200 µM, compared with 60 µM, of 18:3n-3. In the
following experiment with stimulation using different FA, a 60-
µM final concentration of each FA for 24 h was used.

Primary hepatocytes were stimulated in triplicate with 60
µM of either 16:0, 18:1n-9, 18:2n-6, 18:3n-3, 20:5n-3, or
22:6n-3. In addition, one group (in triplicate) was not stimu-
lated with any FA as a negative control. Cell viability was
recorded as described above and was satisfactory. The recov-
ery of [1-14C]18:3n-3 was calculated as the amount of radio-
labeled FA in the cells and medium. The radiolabeled FA in
the medium would then include both FA embedded in
lipoproteins and FA bound to albumin, which was not taken
up by the hepatocytes and acid-soluble products in the
medium. However, we postulated that the amount recovered
in lipoproteins was minor compared with the total radioactivity,
since the assay lasted for only 2 h, with a low concentration of
radiolabeled FA added; thus, the data for recovery represent
the total medium and total cell radioactivity.  The recovery of
[1-14C]18:3n-3 ranged from 75 to 115% in the different
groups. Total β-oxidation activity, measured as the total acid-
soluble product in medium and cells after 2 h of incubation
with [1-14C]18:3n-3, was significantly affected by stimula-
tion of certain FA for 24 h (Fig. 2). Compared with the control,
the hepatocytes stimulated with 18:3n-3 showed significantly

higher total β-oxidation activity. Further, stimulation with
both saturated and monounsaturated FA gave significantly
lower β-oxidation activity compared with 18:3n-3. Stimula-
tion with 18:2n-6, 20:5n-3, and 22:6n-3 gave increased he-
patic β-oxidation activity compared with the control, although
not statistically significant. By adding the radioactivity recov-
ered from [1-14C]18:3n-3 in cells and the acid-soluble
metabolites in the medium, an estimate was made of how
much added [1-14C]18:3n-3 had been taken up by the cells
(Fig. 3). The uptake ranged from 24 to 42%, and the differ-
ences in uptake of [1-14C]18:3n-3 were dependent on the FA
with which the cells had been stimulated (Fig. 3). Hepatocytes
stimulated with 18:3n-3 had a significantly more efficient up-
take of [1-14C]18:3n-3 than either the control or hepatocytes
stimulated with 16:0. The uptake was also lower compared
with 18:3n-3 in the 20:5n-3, 22:6n-3, 18:2n-6, and 18:1n-9
groups, although not statistically significant. Further, when
calculating the relative β-oxidation of the total [1-14C]18:3n-3
taken up by the cells, no statistically significant differences
between treatments were found (Fig. 4). This was in contrast
with the relative β-oxidation of [1-14C]18:3n-3 compared with
total [1-14C]18:3n-3 added to the hepatocytes (Fig. 4). Although
not statistically significant, the β-oxidized [1-14C]18:3n-3 in
cells stimulated with 18:2n-6 was eight percentage points
higher compared with 18:1n-9-stimulated cells (Fig. 4). Of
the radiolabeled FA taken up by the cells, approximately 50%
was β-oxidized, whereas the remaining 50% was either incor-
porated into phospholipids or TAG, further desaturated and
elongated, chain-shortened, or incorporated into lipoproteins
and excreted into the medium. These different pathways were
not specifically analyzed in this study.
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FIG. 1. Total β-oxidation activity of [1-14C]18:3n-3 (nmol min–1 mg protein–1) in Atlantic salmon
hepatocytes stimulated with 60 and 200 µM 18:3n-3 for 4, 24, and 48 h. Data are presented as
mean ± SD (n = 3; n = 4 for 18:1n-9). 
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DISCUSSION

Numerous scientific reports are available regarding alterna-
tive lipid sources in aquaculture feeds, especially for Atlantic
salmon (14,15,20–34). A major concern and challenge with
introducing alternative lipid sources into Atlantic salmon

diets is that the dietary FA composition must be designed so
that a higher proportion of the dietary lipid is used for energy
production, thus potentially sparing dietary protein for muscle
growth. To achieve this goal, the total capacity of β-oxidation
of the salmon tissues has to be increased, possibly by certain
dietary FA. However, in dietary studies detailed investigations
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FIG. 3. Relative uptake of [1-14C]18:3n-3 in hepatocytes (total cells + acid-soluble-medium) stim-
ulated with different FA for 24 h. Data are presented as mean ± SD (n = 3; n = 4 for 18:1n-9).
Different lowercase letters indicate statistical differences (P ≤ 0.05).
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FIG. 2. Total β-oxidation activity of [1-14C]18:3n-3 (nmol min–1 mg protein–1) in Atlantic salmon
hepatocytes stimulated with 60 µM of different FA for 24 h. Data are presented as mean ± SD (n = 3;
n = 4 for 18:1n-9). Different lowercase letters indicate statistical differences (P ≤ 0.01).
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of individual FA are very difficult, leading to cell studies with
a higher degree of control of specific nutrients. In the current in
vitro study, we demonstrate that Atlantic salmon hepatic β-oxi-
dation is affected by the type of input FA. The total β-oxidation
activity of [1-14C]18:3n-3 when the cells had been stimulated
with 18:3n-3 for 24 h was higher than in all other groups, espe-
cially compared with the control and with saturated and mono-
unsaturated FA stimulation. However, when taking into ac-
count the amount of β-oxidized FA relative to the amount taken
up by the cell, no major differences were found. Thus, differ-
ences in the amount of β-oxidized [1-14C]18:3n-3 seemed to
be regulated at the level of FA transport and uptake by the he-
patocytes rather than by an actual increased β-oxidation activity
of mitochondria and peroxisomes. The uptake and transport of
FA are thought to be mediated by FA transport proteins (FATP)
and FA-binding proteins (FABP), respectively. FATP have not
yet been described in fish; however, studies in rodents have
shown that this membrane-bound protein also has very long
chain acyl-CoA synthetase activity, suggesting a FA uptake
via esterification-coupled influx (35,36). The three mem-
brane-bound transporters described in mammals and rodents
are all regulated by members of the peroxisome proliferator-
activated receptor (PPAR) family of transcription factors (37).
These transcription factors also regulate lipid catabolism,
suggesting a probable correlation between FA uptake and β-
oxidation of FA. 

In rat heart and muscle, a correlation between β-oxidation
and cytosolic FABP content has been reported (38). Further,
a PPARα agonist increased muscle FABP mRNA and β-oxi-
dation enzyme activity in rat skeletal muscle (39). In fish, in-
tracellular FABP concentrations are reported to increase in
response to acclimation to the cold (40), which is correlated
with increased β-oxidation. 

Compared with the control group and hepatocytes stimu-
lated with 16:0, the β-oxidation of [1-14C]18:3n-3 increased
1.8- and 2.1-fold, respectively, in the 18:3n-3-stimulated hepa-
tocytes. Takahashi and coworkers (41) showed that FA β-oxi-
dation increased 2.5-fold with CLA administration in mouse
liver. This was concomitant with increased mRNA levels of
various FA oxidation enzymes, such as CPT I, carmitine palmi-
toyl transferase II (CPT II), acyl-CoA oxidase, and long-chain
acyl-CoA dehydrogenase. Further, the activity of oxidation en-
zymes and the mRNA levels were higher in mice fed 18:2n-6
compared with mice fed 16:0 (41), which is in accordance with
the current results. Totland and coworkers (11) found that feed-
ing rats EPA generally increased mitochondrial size and CPT
II expression, whereas DHA increased peroxisomal fatty
acyl-CoA oxidase activity in the liver. To elucidate the mech-
anism leading to the increased hepatocyte β-oxidation in the
current study, further studies of salmon gene transcription regu-
lation should be included. However, the results indicate that reg-
ulation was at the FA uptake level and not at the mitochondrial
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FIG. 4. Relative amount of [1-14C]18:3n-3 oxidized compared with the total amount of radiolabeled FA taken up by
the hepatocytes (left columns) and with the total amount added [1-14C]18:3n-3 from hepatocytes stimulated with dif-
ferent FA for 24 h. Data are presented as mean ± SD (n = 3; n = 4 for 18:1n-9).
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or peroxisomal enzyme level. An alternative pathway of the
radiolabeled [1-14C]18:3n-3 is through cellular uptake and
lipoprotein synthesis, followed by excretion again into the
medium. These radiolabeled [1-14C]18:3n-3 would be counted
in the medium fraction and thus not included in the amount of
radioactivity taken up by the cell. In rodents, lipoprotein me-
tabolism is reportedly affected by dietary lipid composition,
perhaps through direct regulation by FA of gene expression
(42). However, neither apolipoprotein nor lipoprotein synthe-
sis was measured in the current study.  Further investigations
are necessary to establish the quantitative role of lipoprotein
synthesis in this in vitro system.

Of the [1-14C]18:3n-3 added to the hepatocyte assay, 11
to 20% was β-oxidized. This is in accordance with results
from rodent hepatocytes (7) using a similar assay to measure
β-oxidation. A study with hepatocytes from Atlantic salmon
fed an EFA-deficient diet, however, reported that only 2–4%
of the radiolabeled 18:2n-6 and 18:3n-3 were β-oxidized (19)
after 3 h of incubation, although at a 5°C lower incubation
temperature compared with the current study.

When stimulating the hepatocytes with different FA, the
medium contained no other FA than the experimental FA.
This was also the case prior to stimulation when the cells set-
tled in the cell flasks. Thus, the cells in the control group and
the hepatocytes stimulated with 16:0 and 18:1n-9 experienced
a lower status of EFA 48 h after liver perfusion. Atlantic
salmon hepatocytes have the ability to desaturate and elon-
gate [1-14C]18:3n-3 to longer-chain PUFA [19,30,32,43,44].
Ruyter and Thomassen (19) reported increased desaturation
and elongation of 18:3n-3 in EFA-deficient Atlantic salmon
hepatocytes. However, they also reported very low (2–4%) β-
oxidation of 18:3n-3 (19) owing to preferential esterification
of the n-3 EFA. Compared with that study, the hepatocytes in
the current study were not EFA-deficient enough to affect the
β-oxidation results significantly . 

Regression feeding studies with Atlantic salmon fed alter-
native lipid sources (30,32,45,46) have shown that a dietary
FA substrate given in great surplus leads to increased catabo-
lism of that specific FA. This is the case in both muscle and
liver for saturated FA, monounsaturated FA, 18:2n-6, and
18:3n-3, although not for 22:6n-3 in vivo (46). An in vitro
study with salmon hepatocytes, however, showed an efficient
β-oxidation of [1-14C]22:6n-3 when given as the only sub-
strate (45). Thus, in vivo studies that support the current re-
sults exist, indicating that the FA uptake and catabolism of
FA are upregulated when the dietary supply is in surplus
(30,32,34,46). The current study indicates that regulation may
occur at the levels of cellular uptake, lipoprotein synthesis,
and transport, although by which mechanism this is regulated
remains to be elucidated.

Previous dietary studies with Atlantic salmon have demon-
strated that red and white muscle are quantitatively the most im-
portant tissues for FA catabolism (5,45,47–49). Thus, further
longer-term studies should be performed with cell cultures, also
from muscle cells, to determine the quantitative importance of a
stimulation of processes leading to increased β-oxidation.
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ABSTRACT: Osteoarthritic chondrocytes (OC) produce excessive
prostaglandin E2 (PGE2) and nitric oxide (NO), which function as
inflammation mediators in the pathogenesis of osteoarthritis (OA).
This study examined the effect of CLA alone and in combination
with other PUFA on the FA composition and the production of
PGE2 and NO in OC cultures isolated from OA patients. Human
OC were grown in monolayer and treated with one of the follow-
ing PUFA treatments: CLA, CLA + arachidonic acid (CLA/AA),
CLA + EPA (CLA/EPA), linoleic acid (LA), LA + AA (LA/AA), LA +
EPA (LA/EPA), and ethanol (as a vehicle control) at 10 and 20 µM
for 6 d. Supplementation of PUFA at 10 µM for 6 d did not intro-
duce any cytotoxic effects or morphological changes in OC,
whereas 20 µM resulted in apoptosis. Cultures of OC treated with
CLA, CLA/AA, and CLA/EPA had higher concentrations of CLA
isomers, and these isomers were not detected in other treatments.
Supplementation of CLA or LA alone to the OC led to a lower
PGE2 production compared to the control. Combination of
CLA/EPA resulted in the lowest PGE2 production in cultured OC.
OC cultures treated with CLA were lower in NO production than
the control, whereas the LA/AA treatment demonstrated the lowest
NO production. The fact that CLA alone or in combination with
other PUFA modulated PGE2 and NO production in human OC
cultures suggests that these 18:2 isomers may have the potential to
influence OA pathogenesis.

Paper no. L9365 in Lipids 39, 161–166 (February 2004).

Osteoarthritis (OA) is characterized by progressive destruction
of cartilage and secondary inflammation of synovial mem-
branes (1,2). The mechanism of activation and progression of
articular cartilage destruction in OA is not fully understood. It
was postulated that in OA cartilage, there was an imbalance be-
tween (i) anabolic synthesis or repair of matrix by growth factors
(3,4) and (ii) catabolic breakdown of matrix by inflammatory
cytokines (5), matrix metalloproteinases (5,6), prostaglandin E2
(PGE2) (7), and nitric oxide (NO) (8). Among these factors, ex-
cessive productions of PGE2 and NO by cartilage are widely
recognized as promoters of cartilage degradation in OA pa-
tients and animal models of arthritis (7,8). Therefore, reduc-
tions of PGE2 and NO production are logical targets to evalu-
ate in the management of inflammatory responses associated
with the development of OA pathology. 

A body of recent scientific evidence based on results in cell
cultures (9,10) and organ cultures (11) indicates that FA may
benefit skeletal health and potentially improve conditions asso-
ciated with OA. EPA supplementation reduced PGE2 produc-
tion, increased collagen synthesis, and modulated interleukin
(IL)-1 production in the in vitro healing process of medial col-
lateral ligament fibroblasts, whereas arachidonic acid (AA) had
opposite effects (9). Cultures of bovine chondrocytes enriched
with n-3 PUFA [α-linolenic acid (LnA), EPA, and DHA] re-
sulted in a marked decrease in the cytokine-mediated induction
of expression of cyclooxygenase (COX)-2, tumor necrosis fac-
tor-α (TNF-α), and IL-1, and inhibited cytokine-mediated up-
regulation of the expression of aggrecanase-1 and aggrecanase-2
genes, and of aggrecanase activity (10). In addition, Curtis et
al. (11) reported that supplementation of n-3 PUFA (LnA and
EPA) but not n-6 PUFA [linoleic acid (LA) and AA] or any
other FA (oleate and palmitate) to cartilage explants from nor-
mal bovine and human osteoarthritic cartilage caused a de-
crease in both cartilage proteoglycan degradation and mRNA
expression of inflammation mediators (COX-2, 5-lipoxyge-
nase, 5-lipoxygenase-activating protein, TNF-α, IL-1α, and
IL-1β), with no effect on the normal tissue homeostasis. Al-
though there was no direct evidence regarding the effect of n-3
PUFA on NO production in OA, supplementation of LnA,
EPA, and DHA suppressed NO production in murine
macrophage cells (RAW 264), but those treated with LA or
oleic acid showed no effect (12). Studies in animal models of
arthritis showed that dietary fish oil (rich in n-3 PUFA) also
suppressed inflammation and cartilage degradation (13,14).
Compared with corn oil (rich in n-6 PUFA), dietary fish oil de-
layed the appearance of enlarged lymph nodes in MRL/lpr
mice and decreased the concentrations of circulating PGE2,
thromboxane (TX) B2, leukotriene (LT) B4, TNF-α, and IL-6,
-10, and -12 in a mouse model for rheumatoid arthritis (13).
Compared with beef tallow or safflower oil, EPA and DHA
both suppressed arthritis in rats, and EPA was more effective
than DHA (14). 

In addition to specific long-chain n-3 PUFA, CLA have
been reported to act as anticancer nutrients (15). CLA are posi-
tional and geometric isomers of octadecadienoic acid (18:2)
found naturally in ruminant food products, and are especially
rich in dairy products and beef (15). Sources of CLA given to
rats or supplemented in cell culture were found to increase their
presence in tissues, including bone compartments (16) and cel-
lular lipids (17). As CLA isomers are incorporated in various
glycerolipids, they may compete with other PUFA, such as LA,
in elongation and desaturation steps for the formation of AA
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(16). The potential competitive effects of CLA in AA forma-
tion and metabolism were reported to be associated with re-
duced ex vivo biosynthesis of PGE2 in rodent bone organ cul-
tures (16). CLA isomers were also reported to reduce PGE2
synthesis in mouse keratinocytes (18) and macrophages (19).
In a mouse study, CLA inhibited not only the production of
PGE2 but also NO production as well as the gene expression of
COX-2 and inducible NO synthase (iNOS) in macrophages
(19). The evidence on the actions of CLA in animals and cells
suggests that CLA might play an important role in moderating
OA by altering inflammation mediators, such as PGE2 and NO.
Therefore, the present study was designed to evaluate the ef-
fects of CLA alone or in combination with specific PUFA (AA
and EPA) on (i) cell viability, (ii) morphological changes, and
(iii) FA composition of human OC. The production of PGE2
and NO was also measured to determine the effects of the treat-
ments on inflammatory mediators in human OC cultures. The
present investigation focused on the effects of CLA alone or in
combination with specific PUFA (AA and EPA) on cell viabil-
ity, FA composition, and the production of inflammatory medi-
ators. In this study no cells were cultured with AA or EPA
alone for the following reasons: (i) the primary OC supply was
limited and (ii) Hankenson et al. (9) have demonstrated that
AA increases PGE2 production, whereas EPA decreases PGE2
production in medial collateral ligament fibroblasts.

EXPERIMENTAL PROCEDURES

Tissue acquisition. Human osteoarthritic articular cartilage was
acquired from patients who received knee arthroplasty surgery
performed at the University Medical Center, Texas Tech Univer-
sity Health Sciences Center, Lubbock, Texas. The Texas Tech
University Health Sciences Center Internal Review Board ap-
proved all protocols, and tissue samples were collected only
under patients’ consent. Subjects were osteoarthritic patients to
receive hip or knee arthroplasty, including both genders, 55 yr of
age and older. Their OA status was evaluated by a certified
rheumatologist and diagnosed based on the criteria developed by
the American College of Rheumatology Diagnostic Subcommit-
tee for OA. Patients with OA resulting from trauma, metabolic
bone disease, and rheumatoid arthritis were excluded. After the
hip or knee arthroplasty, the articular cartilage was stored in cold
PBS (Gibco, Grand Island, NY) with 1% (vol/vol) penicillin-
streptomycin-amphotericin B (Gibco) before further processing.
All tissues were processed within 2 h after arthroplasty follow-
ing the chondrocyte isolation procedure.

Isolation and culture of chondrocytes. OC were isolated
from articular cartilage following the methods of Shen et al.
(20). Articular cartilage was first dissected from the connective
tissue, muscles, and bone material with a sterile scalpel,
washed extensively with PBS containing 1% antibiotics, and
then transferred to a sterile Petri dish containing Ham’s
F-12/DMEM (1:1, vol/vol) (Gibco), 10% FBS (Gibco), and 1%
antibiotics. The cartilage tissue was subsequently diced into
cubes of 1 to 2 mm. Cartilage fragments were digested with
pronase (EC 3.4.24.4; Sigma, St. Louis, MO) at 1.0 mg/mL for
1.5 h at 37°C, followed by collagenase type II (EC 3.4.24.2,

Sigma) at 1.0 mg/mL overnight at 37°C. After digestion, the
cartilage suspension was filtered sequentially through sterile
nylon meshes of 100- and 70-µm pore sizes (Sefar America
Inc., Briarcliff Manor, NY), and washed three times with PBS
containing 1% antibiotics. The viability of cells after filtration
was 95% (trypan blue test). Cells were seeded at a density of 5
× 105 cells/well in six-well culture plates or 1 × 106 cells/plate
dishes in 100-mm culture plates, and were allowed to grow in
Ham’s F-12/DMEM supplemented with 10% FBS and 1% an-
tibiotics. To ensure the chondrocyte phenotype, only primary
and first passage cultures were used. 

Treatment with PUFA. The PUFA and CLA (99% purity ex-
cept CLA; Nu-Chek-Prep, Elysian, MN) were dissolved in
100% ethanol (40 mM) (ethanol concentration < 0.01%),
flushed with nitrogen gas, kept in glass tubes with Teflon-lined
screw caps, and stored at −20°C before use in the cell culture
media. When the OC cells reached 60% confluence, they were
treated with one of the following PUFA or PUFA combinations
(1:1, w/w): CLA, LA, CLA + AA, CLA + EPA, LA + AA, and
LA + EPA at 10 and 20 µM in Ham’s F-12/DMEM supple-
mented with 10% FBS and 1% antibiotics for an additional 6
d. The control consisted of no PUFA with ethanol as a vehicle.
The media containing different PUFA were changed every
other day. The CLA source (18:2) consisted of 39.1%
c9,t11/t9,c11, 40.7% t10,c12, 1.8% c9,c11, 1.3% c10,c12, 1.9%
t9,t11/t10,t12, 1.1% c9,c12, and 14.1% other isomers. 

The PUFA-treated cells were examined by commercial Cell
Counting Kit-8 (Dojindo Molecular Technologies Inc., Gaithers-
burg, MD) to determine cell viability. Only a concentration of
PUFA that did not affect the cell viability of OC after the 6-d in-
cubation period was used for further experiments. For the exper-
iments measuring PGE2 and NO production, OC were treated
with different PUFA in the presence of lipopolysaccharide (LPS,
Sigma) at 10 µg/mL and IL-1β (Sigma) at 5 ng/mL for 6 d. Cul-
ture media after treatment with PUFA were collected and stored
at −80°C until they were analyzed for PGE2 and NO.

Morphological cellular changes. To identify morphological
changes of cells treated with PUFA, cells were fixed in methanol,
stained with Giemsa (Sigma) according to the manufacturer’s in-
struction, and examined using an inverted microscope. Giemsa
is a polychromatic stain that produces fine resolution of cellular
details. Cells displaying morphological changes including com-
plexity, branching and thinning of cell processes, cytoplasmic
vacuolization, and prominence of nucleoli of OC were studied to
determine the effects of PUFA on OC (21).

FA composition. After treatment with PUFA for 6 d, OC cells
were rinsed with PBS and stored at −20°C before FA analysis.
Lipids were extracted with chloroform/methanol (2:1, vol/vol)
as previously described (22), and FAME were prepared using
sodium methoxide in methanol. FAME were extracted with
isooctane and analyzed by GC (Agilent 6890 Plus, autosampler
7683, Chemstation Rev. A.08.03; Agilent Technologies, Inc.,
Wilmington, DE) equipped with an FID and a DB-23 fused-sil-
ica capillary column (30 m, 0.53 mm i.d., 0.5 µm film thickness;
Agilent) using helium as the carrier gas. FAME were identified
by comparison of their retention times with authentic standards
(Nu-Chek-Prep) and FA values expressed as area percentages.
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PGE2 determination. PGE2 was measured in cell culture
medium (in duplicate) by RIA [tracer 5,6,8,11,12,14,15-(n)3H-
PGE2 (Amersham Biosciences, Piscataway, NJ), primary anti-
body (Sigma), PGE2 standard (Cayman Chemical Co., Ann
Arbor, MI)], and the radioactivity was measured by scintillation
counting (Beckman Coulter, Inc.). The sensitivity of the RIA was
approximately 3.9 pg/mL PGE2. Cellular protein of PUFA-
treated OC was determined by a bicinchoninic acid protein assay
(Pierce; Rockford, IL). PGE2 values of OC media were ex-
pressed as ng per mg of cell protein. 

NO determination. A stable product of NO in the culture
medium was determined by the Griess reaction (23) with the
major procedure described as the following: culture medium of
100 µL was mixed with 100 µL of Griess reagent containing
0.1% (wt/vol) N-(1-naphthyl) ethylenediamine dihydrochlo-
ride and 1% (wt/vol) sulfanilamide in 5% (vol/vol) concen-
trated phosphoric acid (Sigma). Absorbance was read at 546
nm using a PerkinElmer HTS 7000 plate reader (PerkinElmer
Instruments). Each sample was assayed in duplicate. Sodium
nitrite diluted into 0.5% FBS culture medium was used as the
standard. NO production of OC cultures was expressed as nmol
NO per mg of cell protein.

Statistical analysis. Results were verified in at least three
experiments, each performed in triplicate. In most cases, data
from a representative experiment were shown. Data were pre-
sented as mean ± SEM. Statistical significance was evaluated
using one-way ANOVA followed by Fisher’s LSD method. A
P-value less than 0.05 was considered statistically significant.

RESULTS

Effect of PUFA on cytotoxicity and morphology. Supplementa-
tion of PUFA at 10 µM for 6 d did not cause any cytotoxic effect
or morphological change in OC, and the OC receiving such treat-
ment typically contained a single nucleolus. However, a higher
PUFA dose of 20 µM appeared to increase the complexity,
branching, and thinning of cell processes, cytoplasmic vacuoliza-
tion, and prominence of nucleoli of OC (data not shown). There-
fore, only the PUFA concentration of 10 µM was used in the sub-
sequent experiments for FA composition and analysis of PGE2
and NO production. The purity of EPA and AA was approxi-
mately 99%, but the CLA was a mixture of several isomers, and
the concentration of effective isomer of CLA tested on the pro-
duction of inflammatory mediators was much less than 10 µM. 

Modulation of FA composition by PUFA. OC cultures sup-
plemented with PUFA demonstrated enrichment consistent
with the individual treatments (Table 1). Cells treated with
CLA, including CLA, CLA/AA, and CLA/EPA, had high lev-
els of CLA isomers [18:2(c9,t11) and 18:2(t10,c12)]; and CLA
isomers were not detected in the other treatments. Supplemen-
tation of media with LA significantly increased the content of
18:2n-6 and 20:2n-6 in the OC compared to the control and
CLA-treated groups. The content of 20:5n-3 and other long-
chain n-3 PUFA including 22:5n-3 was greatly enriched in OC
cultures containing EPA (CLA/EPA and LA/EPA) compared
to all other treatment groups. PUFA supplementation modu-
lated the 20:4n-6 levels of OC in the following order: LA/AA

= CLA/AA > LA = LA/EPA = CLA > CLA/EPA > control. The
treatments of LA and LA/AA showed the highest ratio of n-6
to n-3 PUFA, whereas CLA/EPA had the lowest. There were
no significant differences in the values of total saturated FA,
total monounsaturated FA, and total PUFA among the PUFA-
treated groups. In contrast, supplementation with LA/AA to
OC decreased the values for total PUFA compared to the other
PUFA treatments. 

Effect of PUFA on PGE2 production. As expected, addition
of inducers (LPS and IL-1β) to culture medium without PUFA
induced OC PGE2 production (1733 ng/mg protein) compared
to those without inducers (9.2 ng/mg protein). Supplementa-
tion of CLA or LA alone to the OC resulted in a lower PGE2
production compared to that for the control cultures (Fig. 1)
(P < 0.001). OC incubated with CLA/EPA resulted in the low-
est PGE2 production (1364 ng/mg protein), whereas those in-
cubated with LA/AA, the control, and CLA/AA yielded higher
PGE2 production of 1791, 1733, and 1728 ng/mg protein, re-
spectively. In addition, the LA/EPA group produced lower
PGE2 (statistically the same as CLA and LA groups) compared
to the control (P < 0.001). 

Effect of PUFA on NO production. Similar to the effects of
inducers on PGE2 production in OC cultures without PUFA,
use of these compounds significantly increased NO production
(198 nmol/mg protein) compared to those without inducers (1.9
nmol/mg protein). The OC cells treated with LA resulted in the
highest level of NO production (340 nmol/mg protein),
whereas cells treated with LA/AA had the lowest level of NO
production (82 nmol/mg protein) (Fig. 2). Compared to the
control group, the LA/AA, LA/EPA, and CLA treatments sig-
nificantly decreased NO production by 70% (P < 0.001), 25%
(P < 0.05), and 23% (P < 0.05), respectively. In contrast, OC
cultures subjected to the LA and CLA/EPA treatments showed
significantly increased NO production by 130% (P < 0.05) and
115% (P < 0.05), respectively, compared to the control. The
CLA/AA treatment was not different from the control. A dif-
ference as much as 4.1-fold (Fig. 2; P < 0.0001) was observed
between the treatments that produced the maximum (LA) and
the minimum amount of NO (LA/AA).

DISCUSSION

In the present investigation, a model of human OC culture was
successfully used to study the relationships between PUFA treat-
ment and inflammatory agents associated with joint disease. In
the study, the FA composition of OC was determined in the con-
trol group where OC was not treated with any PUFA and all FA
were provided by the 10% FBS in the medium. Compared with
the PUFA-treated OC that were also treated with the same 10%
FBS, the control group had significantly lower values for
18:2n-6, 20:5n-3, and CLA isomers [18:2(c9,t11) and 18:2(t10,
c12)]. Therefore, the increased FA in PUFA-treated OC resulted
solely from the supplementation of PUFA to the culture medium,
and not from FBS. These findings corroborate previous studies
where AA and EPA concentrations were increased by the AA
and EPA treatments in fibroblasts (9) as well as in primary cul-
tures of chondrocytes (24).
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The effects of PUFA on cytokine-induced PGE2 production
were likely mediated by the modulation of cellular FA compo-
sition (25). For example, CLA or LA alone reduced PGE2 pro-
duction relative to the control; an addition of AA to CLA or
LA resulted in the highest PGE2 production compared with
other PUFA-treated cell groups. 

Addition of EPA to CLA and to LA treatments resulted in
(i) increased concentrations of EPA and its metabolites of de-
saturation and elongation such as 22:5n-3 in the OC and (ii) de-
creased levels of PGE2 compared to the CLA/AA and LA/AA
groups. Such an inhibitory effect of EPA on PGE2 production
in the present study agrees with that reported in immune cells
of humans (26,27). Suppression of the production of AA-de-
rived prostanoids such as PGE2 by EPA may be accompanied
by an increase in the production of EPA-derived eicosanoids,
such as PGE3. In the present study, CLA/EPA treatment re-
sulted in lower PGE2 production in OC than the CLA treat-
ment, suggesting that combining EPA with CLA may be addi-
tive in inhibiting the production of inflammatory prostanoids.

The results of the present study showed that CLA not only
decreased PGE2 production in OC but also significantly re-
duced NO production relative to the control group. These find-
ings agree with previous studies where PGE2 and NO produc-

tions in macrophages were decreased by CLA (19,28), a result
associated with reduced mRNA expression of COX-2 and
iNOS, and transcriptional activity of the COX-2 and iNOS
(28). One possible mechanism for the inhibitory effects of CLA
on PGE2 and NO is that CLA may bind to peroxisome prolif-
erator-activated receptor γ (PPARγ) and modulate its action.
The CLA–PPARγ complex inhibits activation of the transcrip-
tion factor, nuclear factor kappa B (NFκB). Expression of
COX-2 and iNOS in OC is subsequently inhibited (28,29). 

The level of NO production was inversely correlated with
the amounts of CLA found in OC. For example, among the
CLA-treated groups, the levels of NO production in OC fol-
lowed the order of CLA/EPA = CLA/AA > CLA. The possible
explanation is that supplementing AA or EPA to CLA appeared
to diminish the effect of CLA on reducing NO production, be-
cause the effective dose of CLA in CLA/EPA and CLA/AA
was only 50% of that for CLA alone. 

The combination of LA and EPA significantly lowered NO
production in OC compared with LA alone. The NO-inhibitory
effect may be due to the high concentration of EPA and its
metabolites, which is in agreement with previous studies in
macrophages (12). In contrast to the response observed with the
LA/EPA treatment, the combination of EPA with CLA resulted
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TABLE 1
FA Composition of Human Osteoarthritic Chondrocytes Treated With Different PUFAa

Treatmentsb Pooled ANOVA

FA Control CLA CLA/AA CLA/EPA LA LA/AA LA/EPA SEM P values

14:0 1.3 0.9 0.8 1.0 0.9 1.8 1.0 0.05 NS
15:0 0.8 0.5 0.6 0.5 0.5 0.7 0.5 0.02 NS
16:0 17.0 16.6 16.9 17.3 17.0 17.1 17.2 0.02 NS
t16:1 1.3A 1.1B 1.2A 1.3A 1.2A 1.2A 1.3A 0.0003 0.007
16:1n-7 1.1A 1.0B 1.2A 0.9B 0.8C 1.0B 0.9B 0.01 0.001
17:0 0.9 0.8 0.9 0.8 0.8 0.8 0.8 0.006 NS
18:0 16.1 20.0 17.1 17.4 17.7 17.4 19.3 0.17 NS
18:1n-9 14.0 12.2 13.4 14.2 12.6 12.2 13.1 0.04 NS
18:1n-7 4.6 4.1 4.4 4.5 4.5 4.2 4.5 0.007 NS
18:2n-6 2.2D 2.7C,D 2.7C,D 3.0C 10.3A 5.6B 6.3B 0.007 0.0001
18:2(c9,t11) NDC 2.3A 1.0B 1.6B NDC NDC NDC 0.01 0.003
18:2(t10,c12) NDC 2.4A 1.3B 1.6B NDC NDC NDC 0.01 0.005
20:2n-6 NDD NDD NDD NDD 0.9A 0.5B 0.2C 0.009 0.007
20:3n-6 1.3 0.9 1.6 1.5 1.8 1.5 1.8 0.06 NS
20:4n-6 11.9 13.3 15.8 12.4 13.9 15.3 13.6 0.3 NS
20:5n-3 0.3C 0.5C 0.5C 2.0A 0.5C 0.2C 1.3B 0.001 0.0001
22:0 3.5 2.3 1.7 1.0 1.0 3.7 1.7 0.5 NS
22:4n-6 3.1C 4.1B 5.9A 2.8C 3.9B 4.0B 3.4C 0.007 0.001
22:5n-3 3.5D 4.4C 4.2C 7.6A 3.8D 3.4D 5.3B 0.006 0.001
22:6n-3 4.6 5.2 5.1 4.7 4.8 3.8 4.5 0.02 NS
Total CLA NDC 5.1A 2.3B 3.2B NDC NDC NDC 0.03 0.003
Total n-6 18.5D 21.1C,D 26.1B 19.2D 30.9A 24.0B,C 25.3B 0.48 0.001
Total n-3 8.4D 10.1B,C 9.7B,C 14.3A 9.1C 7.3D 11.1B 0.02 0.022
n-6/n-3 2.2C 2.1C 2.7B 1.3D 3.4A 3.3A 2.3C 0.001 0.001
Total SATc 39.7 41.1 38.1 38.3 37.8 41.4 40.5 0.24 NS
Total MONO 21.0 17.9 19.9 20.9 19.2 18.6 19.8 0.08 NS
Total PUFA 29.9 36.3 38.0 36.8 39.9 31.1 36.4 0.64 NS
aMean values for cellular FA (n = 3) within a row having different superscripts (A to D) are significantly different by one-way ANOVA followed by
Fisher’s LSD method (P ≤ 0.05).
bConfluent (60%) human osteoarthritic chondrocytes were treated with the following FA: CLA, CLA/arachidonic acid (AA) (1:1, w/w), CLA/EPA
(1:1, w/w), linoleic acid (LA), LA/AA (1:1, w/w), LA/EPA (1:1, w/w), all at 10 µM, and ethanol (as a vehicle control) for 6 d. The medium contain-
ing different PUFA was changed every other day.
cSAT: saturated FA, MONO: monounsaturated FA, ND: not detected, NS: not significant.



in higher NO production compared to CLA alone. The lower NO
production in the CLA group compared with the CLA/EPA
group was due to a higher level of CLA in OC, suggesting that
the CLA treatment was more effective in reducing NO produc-
tion than EPA. 

In the present study, we observed a cross-talk and biphasic
relationship between PGE2 and NO: (i) LA-treated OC had
higher NO production but lower PGE2 production compared
with the control, (ii) CLA/EPA treatment inhibited PGE2 pro-
duction but increased NO production compared to CLA alone,
and (iii) the LA/AA treatment resulted in the highest PGE2 pro-
duction but the lowest NO production compared to LA. Such a
mechanism of cross-talk and biphasic relationships between
PGE2 and NO was found to be involved in the pathophysiol-
ogy of OA, in which the overproduction of one generally leads
to the inhibition of the other, depending on the level of PGE2
or NO production (20,30,31). Our findings are consistent with
those reported in previous studies evaluating antiosteoarthritic
drugs in cultures of human OC (20,30) and cartilage (31). Such
a relationship was also observed in osteoblastic MC3T3-E1
cells by Kanematsu et al. (32): (i) NO produced by iNOS in re-
sponse to cytokine-activated COX-2 led to an increased pro-
duction of PGE2 in the cells and (ii) overproduction of NO in
response to proinflammatory cytokines suppressed alkaline
phosphatase activity in the cells via PGE2 production by an
NO-activated COX-2 pathway. 

To our knowledge, the present study is the first to show the
effects of CLA isomers on PGE2 and NO production in human
OC cultures. Stimulation of PGE2 and NO production has been
implicated in the pathogenesis of osteoarthritis (7,8). The stim-
ulatory effects of NO production on cartilage metabolism have
been linked to increased release of aggrecan by cultures of OC

and inhibition of proteoglycans and type II collagen synthesis,
thus resulting in OC dysfunction in various animal models of
arthritis. 

The observation that CLA significantly reduced production
of PGE2 and NO suggests that CLA may have a chondropro-
tective effect on cartilage metabolism of OA. Benito et al. (33)
reported that after a 63-d intervention, the supplementation of
3.9 g of CLA per day increased CLA isomer concentration in
plasma from 0.28 ± 0.06 to 1.09 ± 0.31% (n = 10, P < 0.05). In
the present study, incubation of OC with media containing 10
µM of CLA, CLA/AA, or CLA/EPA for 6 d resulted in an in-
crease in cellular CLA isomer concentration from 0% (the con-
trol) to 1.6% (the CLA/AA and CLA/EPA groups) and to 2.3%
(the CLA group). Therefore, the CLA concentration used in the
present study was comparable to the physiological dose used
for a human intervention study. Future investigations should
test the efficacy of individual CLA isomers on the production
of inflammatory mediators in human OC and examine their ef-
fects on the synthesis of type II collagen and degradation of
proteoglycan in OC cell cultures to explore the mechanism of
action for CLA isomers in chondrocytes. 

ACKNOWLEDGMENT
This work was supported in part by Lubbock Endowed Professor-
ships Earnings. 

REFERENCES
1. Hamerman, D. (1993) Aging and Osteoarthritis: Basic Mecha-

nisms, J. Am. Geriatr. Soc. 41, 760–770.
2. Moskowitz, R.W. (1999) Bone Remodeling in Osteroarthritis:

Subchondral and Osteophytic Responses, Osteoarthritis Carti-
lage 7, 323–324.

EFFECTS OF CONJUGATED LINOLEIC ACID ON OSTEOARTHRITIS 165

Lipids, Vol. 39, no. 2 (2004)

FIG. 1. Prostaglandin E2 (PGE2) production by human osteoarthritic
chondrocytes. Treatments included no PUFA (control) and supplemen-
tation with 10 µM of one of the following: CLA, CLA/arachidonic acid
(AA) (1:1, w/w), CLA/EPA (1:1, w/w), linoleic acid (LA), LA/AA (1:1,
w/w), and LA/EPA (1:1, w/w) in the presence of lipopolysaccharides (10
µg/mL) and interleukin-1β (5 ng/mL) for 6 d. Values (means ± SEM) rep-
resent n = 3 per treatment group, and those not sharing a common let-
ter (a–e) are significantly different (P < 0.05). PGE2 concentration was
measured in culture supernatant by RIA and cell protein was deter-
mined by bicinchoninic acid (BCA).

FIG. 2. Nitric oxide (NO) production by human osteoarthritic chondro-
cytes. Treatments included no PUFA (control) and supplementation with
10 µM of one of the following: CLA, CLA/AA (1:1, w/wt, CLA/EPA (1:1,
w/w), LA, LA/AA (1:1, w/w), and LA/EPA (1:1, w/w) in the presence of
lipopolysaccharides (10 µg/mL) and interleukin-1β (5 ng/mL) for 6 d.
Values (means ± SEM) represent n = 3 per treatment group, and those
not sharing a common letter (a–e) are significantly different (P < 0.05).
Production of NO was measured in culture supernatant by Griess reac-
tion, and cell protein was determined by BCA. For abbreviations, see
Figure 1.



3. Martel-Pelletier, J., DiBattista, J.A., Lajeunesse, D., and Pel-
letier, J.P. (1998) IGF/IGFBP Axis in Cartilage and Bone in Os-
teoarthritis Pathogenesis, Inflam. Res. 47, 90–100.

4. Scharstuhl, A., Glansbeek, H.L., van Beuningen, H.M., Vitters,
E.L., van der Kraan, P.M., and van der Berg, W.B. (2002) Inhi-
bition of Endogenous TGF-β During Experimental Osteoarthri-
tis Prevents Osteophyte Formation and Impairs Cartilage Re-
pair, J. Immunol. 169, 507–514.

5. Fernades, J.C., Martel-Pelletier, J., and Pelletier, J.P. (2002) The
Role of Cytokines in Osteoarthritis Pathophysiology, Biorheol-
ogy 39, 237–246.

6. Nagase, H., and Kashiwagi, M. (2003) Aggrecanases and Carti-
lage Matrix Degradation, Arthritis Res. Ther. 5(2), 94–103.

7. Anderson, G.D., Hauser, S.D., McGarity, K.L., Bremer, M.E.,
Isakson, P.C., and Gregory, S.A. (1996) Selective Inhibition of
Cyclooxygenase (COX)-2 Reverses Inflammation and Expres-
sion of COX-2 and Interleukin 6 in Rat Adjuvant Arthritis, J.
Clin. Invest. 97, 2672–2679. 

8. Amin, A.R., Attur, M., and Abramson, S.B. (1999) Nitric Oxide
Synthase and Cyclooxygenases: Distribution, Regulation, and
Intervention in Arthritis, Curr. Opin. Rheumatol. 11, 202–209.

9. Hankenson, K.D., Watkins, B.A., Schoenlein, I.A., Allen, K.G.,
and Turek, J.J. (2000) Omega-3 Fatty Acids Enhance Ligament
Fibroblast Collagen Formation in Association with Changes in
Interleukin-6 Production, Proc. Soc. Exp. Biol. Med. 223,
88–95. 

10. Curtis, C.L., Hughes, C.E., Flannery, C.R., Little, C.B., Har-
wood, J.L., and Caterson, B. (2000) n-3 Fatty Acids Specifically
Modulate Catabolic Factors Involved in Articular Cartilage
Degradation, J. Biol. Chem. 275, 721–724.

11. Curtis, C.L., Rees, S.G., Little, C.B., Flannery, C.R., Hughes,
C.E., Wilson, C., Dent, C.M., Otterness, I.G., Harwood, J.L.,
and Caterson, B. (2002) Pathologic Indicators of Degradation
and Inflammation in Human Osteoarthritic Cartilage Are Abro-
gated by Exposure to n-3 Fatty Acids, Arthritis Rheum. 46,
1544–1553.

12. Ohata, T., Fukuda, K., Takahashi, M., Sugimura, T., and Waka-
bayashi, K. (1997) Suppression of Nitric Oxide Production in
Lipopolysaccharide-Stimulated Macrophage Cells by ω-3
Polyunsaturated Fatty Acids, Jpn. J. Cancer Res. 88, 234–237.

13. Venkatraman, J.T., and Chu, W.C. (1999) Effects of Dietary ω-3
and ω-6 Lipids and Vitamin E on Serum Cytokines, Lipid Me-
diators and Anti-DNA Antibodies in a Mouse Model for
Rheumatoid Arthritis, J. Am. Coll. Nutr. 18, 602–613.

14. Volker, D.H., Fitzgerald, P.E., and Garg, M.L. (2000) The
Eicosapentaenoic to Docosahexaenoic Acid Ratio of Diets Af-
fects the Pathogenesis of Arthritis in Lew/SSN Rats, J. Nutr.
130, 559–565.

15. Watkins, B.A., and Li, Y. (2001) Conjugated Linoleic Acid: The
Present State of Knowledge, in Handbook of Nutraceuticals and
Functional Foods (Wildman, R., ed.), pp. 443–474, CRC Press,
Boca Raton, FL.

16. Li, Y., and Watkins, B.A. (1998) Conjugated Linoleic Acids
Alter Bone Fatty Acid Composition and Reduce ex vivo Prosta-
glandin E2 Biosynthesis in Rats Fed n-6 or n-3 Fatty Acids,
Lipids 33, 417–425.

17. Shen, C.-L., Dunn, D.M., Oetama, B., Hong, K.-J., Henry, J.,
Li, Y., and Watkins, B.A. (2003) Effects of Conjugated Linoleic
Acids in Decreasing the Production of Inflammatory Mediators
by Human Osteoarthritis Chondrocytes, FASEB J. 17 (4), 688.1
(abstract).

18. Liu, K.L., and Belury, M.A. (1998) Conjugated Linoleic Acid
Reduces Arachidonic Acid Content and PGE2 Synthesis in
Murine Keratinocytes, Cancer Lett. 127, 15–22.

19. Iwakiri, Y., Sampson, D.A., and Allen, K.G. (2002) Suppres-

sion of Cyclooxygenase-2 and Inducible Nitric Oxide Synthase
Expression by Conjugated Linoleic Acid in Murine Macro-
phages, Prostaglandins Leukot. Essent. Fatty Acids 67,
435–443.

20. Shen, C.L., Graham, S., Morgan, D.L., Oetama, B., Brewton,
L., Marshall, M.P., Lai, T.Y., Chen, Y.S., and Chang, Y.H.
(2002) Effects of Chinese Herbal Remedy Schisandra arisanen-
sis Hayata on Aggrecans, Morphology, and Production of In-
flammatory Mediators by Human Osteoarthritic Chondrocytes
and Synoviocytes, Am. J. Trad. Chin. Med. 3, 53–63.

21. Cohen, J.J. (1991) Programmed Cell Death in the Immune Sys-
tem, Adv. Immunol. 50, 55–85.

22. Li, Y., Seifert, M.F., Ney, D.M., Grahn, M., Grant, A.L., Allen,
K.G.D., and Watkins, B.A. (1999) Dietary Conjugated Linoleic
Acids Alter Serum IGF-I and IGF Binding Protein Concentra-
tions and Reduce Bone Formation in Rats Fed (n-6) or (n-3)
Fatty Acids, J. Bone Miner. Res. 14, 1153–1162.

23. Green, L.C., Wagner, D.A., Glogowski, J., Skipper, P.L., Wish-
nok, J.S., and Tannenbaum, S.R. (1982) Analysis of Nitrate, Ni-
trite, and [15N]Nitrate in Biological Fluids, Anal. Biochem. 126,
131–138.

24. Watkins, B.A., Xu, H., and Turek, J. (1996) Linoleate Impairs
Collagen Synthesis in Primary Cultures of Avian Chondrocytes,
Proc. Soc. Exp. Biol. Med. 212, 153–159.

25. Lippiello, L. (1990) Lipid and Cell Metabolic Changes Associ-
ated with Essential Fatty Acid Enrichment of Articular Chon-
drocytes, Proc. Soc. Exp. Biol. Med. 195, 282–287.

26. Calder, P.C. (1998) n-3 Polyunsaturated Fatty Acids and
Mononuclear Phagocyte Function, in Medicinal Fatty Acids in
Inflammation (Kremer, J., ed.), pp. 1–27, Birkhauser Verlag,
Basel.

27. Kelley, D.S., Taylor, P.C., Nelson, G.J., Schmidt, P.C., Feretti,
A., Erickson, K.L., Yu, R., Chandra, R.K., and Mackey, B.E.
(1999) Docosahexaenoic Acid Ingestion Inhibits Natural Killer
Cell Activity and Production of Inflammatory Mediators in
Young Healthy Men, Lipids 34, 317–324.

28. Yu, Y., Correll, P.H., and Vanden Heuvel, J.P. (2002) Conju-
gated Linoleic Acid Decreases Production of Pro-inflammatory
Products in Macrophages: Evidence for a PPARγ-Dependent
Mechanism, Biochim. Biophys. Acta 1581, 89–99.

29. McCarty, M.F. (2000) Activation of PPARγ May Mediate a Por-
tion of the Anticancer Activity of Conjugated Linoleic Acid,
Med. Hypotheses 55, 187–188. 

30. Pelletier, J.P., Mineau, F., Fernandes, J.C., Duval, N., and
Marterl-Pelletier, J. (1998) Diacerhein and Rhein Reduce the In-
terleukin 1β-Stimulated Inducible Nitric Oxide Synthesis Level
and Activity While Stimulating Cyclooxygenase-2 Synthesis
in Human Osteoarthritic Chondrocytes, J. Rheumatol. 25,
2417–2424.

31. Amin, A.R., Attur, M.G., Patel, R.N., Thakker, G.D., Marshall,
P.J., Rediske, J., Stuchin, S.A., Patel, I.R., and Abramson, S.B.
(1997) Superinduction of Cyclooxygenase-2 Activity in Human
Osteoarthritis-Affected Cartilage: Influence of Nitric Oxide, J.
Clin. Invest. 99, 1231–1237.

32. Kanematsu, M., Ikeda, K., and Yamada, Y. (2001) Interaction
Between Nitric Oxide Synthase and Cyclooxygenase Pathways
in Osteoblastic MC3T3-E1 Cells, J. Bone Miner. Res. 12,
1789–1796.

33. Benito, P., Nelson, G.J., Kelley, D.S., Bartolini, G., Schmidt,
P.C., and Simon, V. (2001) The Effect of Conjugated Linoleic
Acid on Plasma Lipoproteins and Tissue Fatty Acid Composi-
tion in Humans, Lipids 36, 229–236.

[Received August 11, 2003, and in revised form December 18, 2003;
revision accepted January 13, 2004]

166 C.-L. SHEN ET AL.

Lipids, Vol. 39, no. 2 (2004)



ABSTRACT: Derivatives of podophyllotoxin were prepared by
coupling 10 FA with the C4-α-hydroxy function of podophyllo-
toxin. The coupling reactions between FA and podophyllotoxin
were carried out by dicyclohexylcarbodiimide in the presence of
a catalytic amount of dimethylaminopyridine to produce quanti-
tative yields of desired products. FA incorporated were the fol-
lowing: 10-hydroxydecanoic, 12-hydroxydodecanoic, 15-hy-
droxypentadecanoic, 16-hydroxyhexadecanoic, 12-hydroxy-
octadec-Z-9-enoic, eicosa-Z-5,8,11,14-tetraenoic, eicosa-Z-8,11,
14-trienoic, eicosa-Z-11,14-dienoic, eicosa-Z-11-enoic, and
eicosanoic acids. Spectroscopic studies confirmed the formation
of the desired products. New molecules were investigated for
their in vitro anticancer activity against a panel of human cancer
cell lines including SK-MEL, KB, BT-549, SK-OV-3 (solid tumors),
and HL-60 (human leukemia) cells. Most of the analogs were cy-
totoxic against cancerous cells, whereas no effect was observed
against normal cells, unlike the parent compound podophyllo-
toxin, the use of which is limited due to its severe side effects. 

Paper no. L9371 in Lipids 39, 167–172 (February 2004).

Podophyllotoxin 1, a bioactive principle of Podophyllum
pleianthum, P. peltatum, and P. emodi, is known for its anti-
tumor activity (1–4). However, the severe toxicity of 1 has
greatly affected its clinical use and resulted in the synthesis of
a variety of analogs in search of molecules of improved phar-
macological profiles. Etoposide and teniposide are the two
semisynthetic podophyllotoxin analogs that are used clinically
to treat different types of tumors. The problems of drug resis-
tance, myelosuppression, and low bioavailability, however,
have limited their therepeutic use and have necessitated further
structural transformation. 

A number of investigations have demonstrated that a vari-
ety of FA are promising molecules in cancer prevention and
have potential in the treatment of cancers (5–7). FA-derived
podophyllotoxin analogs have received very little attention de-
spite the fact that such molecules may lead to a new route to
potential pharmaceutical molecules (5,8,9). Synthesis and bio-

logical studies of short chain-length esters of podophyllotoxin
have been reported (10). The preparation of esters of podophyl-
lotoxin and epipodophyllotoxin with a number of unusual
medium- and long-chain FA have been described, and some of
these derivatives have shown strong activity against P388 lym-
phocytic leukemia in mice (11,12).

In view of the significance of long-chain FA in the treatment
of cancer, we report here the synthesis and spectral studies of
new podophyllotoxin analogs containing unusual C10 to C20
FA along with their in vitro evaluation against a panel of human
cancer cell lines including SK-MEL, KB, BT-549, SK-OV-3
(solid tumors), and HL-60 (human leukemia). FA incorporated
at the C4 α-hydroxyl group of podophyllotoxin are 10-hydroxy-
decanoic, 12-hydroxydodecanoic, 15-hydroxypentadecanoic,
16-hydroxyhexadecanoic acids (ω hydroxy FA); 12-hydroxy-
octadec-Z-9-enoic acid (bifunctional FA); eicosa-Z-5,8,11,14-
tetraenoic (20:4n-6), eicosa-Z-8,11,14-trienoic (20:3n-6), and
eicosa-Z-11,14-dienoic (20:2n-6) acids; eicosa-Z-11-enoic and
eicosanoic acids (Scheme 1). This study has investigated the in
vitro anticancer activity of these semisynthetic podophyllo-
toxin analogs, derived from unusual FA, and to what extent the
formation of these analogs reduces the toxicity of the parent
molecule.

EXPERIMENTAL PROCEDURES

TLC was performed on aluminum sheets of silica gel 60F254
(Merck, KGaA, Darmstadt, Germany), and n-hexane/ethyl acetate
(1:1, vol/vol) was used as a developing solvent. Reaction prod-
ucts on TLC plates were visualized by UV light and by exposure
to iodine vapors. Flash column chromatographic separations were
accomplished using 40-µm flash chromatography packing, 60 Å
pore diameter (silica gel; J.T.Baker, Phillipsburg, NJ).

1H and 13C NMR spectra were recorded on a DRX-500
Bruker NMR spectrometer. Molecular weights were deter-
mined by electron-spray ionization (ESI) on a Bruker BioApex
Fourier transform mass spectrometer. Samples were run in ESI-
positive mode by direct injection with a syringe pump mass
spectrometer (ESI–MS). FTIR spectra were recorded in CHCl3
on a Genesis Series FTIRTM (Giangarlo Scientific, Pittsburgh,
PA) spectrometer. Podophyllotoxin, dimethyl aminopyridine
(DMAP), and FA were procured from Aldrich Chemicals (Mil-
waukee, WI). 12-Hydroxy-octadec-Z-9-enoic acid was isolated
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from Ricinus communis seed oil (13). The coupling reagent di-
cyclohexylcarbodiimide (DCC) was purchased from Fluka
Chemical Corporation (Hauppage, NY). Methylene chloride
was dried by refluxing it with calcium hydride and distilled
under nitrogen prior to use.

Chemical procedures. General method for the synthesis of
FA analogs of podophyllotoxin. Appropriate amounts of FA (1
mmol) and 1 (1 mmol) were dissolved in dry dichloromethane
(5 mL), and DMAP (catalytic amount) was added to this solu-
tion. The reaction mixture was stirred at room temperature
under nitrogen for 10 min before DCC (1 mmol) was added to
it. The reaction mixture was allowed to stir at room tempera-
ture. Progress of reaction was monitored on TLC plates. All
coupling reactions showed the formation of one product and
were completed in 1 h. The reaction mixture was filtered to re-
move solid dicyclohexylurea, and the filtrate was evaporated
under reduced pressure at 20°C. The semisolid mass was sub-
jected to flash column chromatography (n-hexane/ethyl ace-
tate, 1:1, vol/vol) on silica gel to purify the desired products.

(i) 4-O-Podophyllotoxinyl 10-hydroxydecanoate (2). Vis-
cous oil; Rf = 0.5 (n-hexane/ethyl acetate, 1:1 vol/vol as devel-
oper), isolated yield, 97%. IR (CHCl3, cm−1): 3520.50, 1777.0,
1733.29, 1587.50, 1565.60, 1505.25, 1466.95, 1419.24,
1255.48, 1174.10, 1038.20, 998.82. 1H NMR (CDCl3, δH):

1.31–1.24 (m, 12H), 1.55 (m, 2H), 1.68 (m, 2H), 2.04 (unre-
solved signal, D2O exchangeable), 2.83 (m, 1H), 2.92 (dd, J1,2
= 4.5 Hz, J2,3 = 14.5 Hz, 1H), 3.62 (t, J = 6.5 Hz, 2H), 3.76 (s,
6H), 3.81 (s, 3H), 4.20 (t, J = 10 Hz, 1H), 4.36 (dd, J = 9 Hz, J
= 7.0 Hz, 1H), 4.60 (d, J1,2 = 4.5 Hz), 5.89 (d, J3,4 = 9.5 Hz,
1H), 5.98 (d, J = 3.5 Hz, 1H), 5.99 (d, J = 3.5 Hz, 1H), 6.39 (s,
2H), 6.54 (s, 1H), 6.75 (s, 1H); 13C NMR (CDCl3, δC): 25.33,
26.01, 29.41, 29.44, 29.62, 29.66, 33.02, 34.67, 39.07, 44.00,
45.81, 56.34, 60.89, 63.07, 71.52, 73.51, 101.57, 106.96,
108.13, 109.65, 128.31, 132.19, 134.67, 137.04, 147.377,
147.89, 152.40, 173.33, 173.88. EI–MS found [M + Na]+

607.2508; C32H40O10Na [M + Na]+ requires 607.2513.
(ii) 4-O-Podophyllotoxinyl 12-hydroxydodecanoate (3).

Viscous oil, Rf = 0.5 (n-hexane/ethyl acetate, 1:1 vol/vol as de-
veloper), isolated yield, 97.5%. IR (CHCl3, cm−1): 3524.95,
1778.87, 1733.14, 1588.56, 1560.70, 1505.67, 1462.81,
1420.10, 1250.36, 1172.09, 1038.17, 998.97. 1H NMR (CDCl3,
δH): 1.30–1.25 (m, 16H), 1.52 (m, 2H), 1.65 (m, 2H), 1.87 (un-
resolved signal, D2O exchangeable, 1H), 2.39 (m, 2H), 2.81
(m, 1H), 2.89 (dd, J1,2 = 4.4 Hz, J2,3 = 14.5 Hz, 1H), 3.59 (t, J
= 6.6 Hz, 2H), 3.73 (s, 6H), 3.78 (s, 3H), 4.17 (t, J = 10.1 Hz,
1H), 4.33 (dd, J = 9.1 Hz, J = 7.1 Hz, 1H), 4.57 (d, J1,2 = 4.3
Hz), 5.86 (d, J3,4 = 9.1 Hz, 1H), 5.95 (d, J = 2.5 Hz), 5.96 (d, J
= 2.5 Hz, 1H), 6.37 (s, 2H), 6.50 (s, 1H), 6.73 (s, 1H). 13C
NMR (CDCl3, δC): 25.36, 26.10, 29.48, 29.55, 29.75, 29.82,
29.88, 33.13, 34.76, 39.15, 44.12, 45.89, 56.50, 61.07, 63.23,
71.76, 73.75, 101.96, 107.37, 108.57, 110.05, 128.85, 132.72,
135.23, 137.58, 147.96, 148.47, 153.00, 174.07, 174.60.
EI–MS found [M + Na]+ 635.2822; C34H44O10Na [M + Na]+

requires 635.2834. 
(iii) 4-O-Podophyllotoxinyl 15-hydroxypentadecanoate (4).

Viscous oil, Rf = 0.6 (n-hexane/ethyl acetate, 1:1 vol/vol as de-
veloper), isolated yield, 97%. IR (CHCl3, cm−1): 3430.28,
1778.80, 1732.44, 1588.48, 1505.20, 1462.90, 1420.27,
1331.95, 1238.92, 1128.31, 1038.35, 998.05. 1H NMR (CDCl3,
δH): 1.22 (m, 22H), 1.51 (m, 2H), 1.64 (m, 2H), 1.86 (unre-
solved signal, D2O exchangeable), 2.39 (m, 2H), 2.81 (m, 1H),
2.89 (dd, J1,2 = 4.4 Hz, J2,3 = 14.5 Hz, 1H), 3.65 (t, J = 6.6 Hz,
2H), 3.72 (s, 6H), 3.77 (s, 3H), 4.16 (t, J = 10.1 Hz, 1H), 4.32
(dd, J = 9.1 Hz, J = 7.1 Hz, 1H), 4.56 (d, J1,2 = 4.3 Hz, 1H),
5.86 (d, J3,4 = 9.1 Hz, 1H), 5.94 (d, J = 2.5 Hz, 1H), 5.95 (d, J
= 2.5 Hz, 1H), 6.35 (s, 2H), 6.49 (s, 1H), 6.72 (s, 1H). 13C
NMR (CDCl3, δC): 25.39, 26.13, 29.53, 29.60, 29.80, 29.97,
33.15, 34.78, 39.15, 44.12, 45.92, 56.50, 61.11, 63.32, 71.79,
73.75, 101.97, 107.38, 108.48, 110.07, 128.82, 132.70, 135.25,
137.49, 147.96, 148.47, 152.99, 174.12, 174.66. EI–MS found
[M + H]+ 655.3476; C37H51O10 [M + H]+ requires 655.3470.

(iv) 4-O-Podophyllotoxinyl 16-hydroxyhexadecanoate (5).
Viscous oil, Rf = 0.6 (n-hexane/ethyl acetate, 1:1 vol/vol as de-
veloper), isolated yield, 97.5%. IR (CHCl3, cm−1): 3430.25,
1778.78, 1732.34, 1588.76, 1506.98, 1462.88, 1420.17,
1332.81, 1237.73, 1236.32, 1127.36, 1025.48, 998.39. 1H
NMR (CDCl3, δH): 1.36 (m, 22H), 1.57 (m, 2H), 1.68 (m, 2H),
2.44 (m, 2H), 2.83 (m, 1H), 2.93 (dd, J1,2 = 4.4 Hz, J2,3 = 14.5
Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 3.77 (s, 6H), 3.82 (s, 3H),
4.21 (t, J = 10 Hz, 1H), 4.37 (dd, J = 8.9 Hz, J = 7.2 Hz, 1H),
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4.61 (d, J1,2 = 4.3 Hz, 1H), 5.90 (d, J3,4 = 9.1 Hz, 1H), 5.98 (d,
J = 2.5 Hz, 1H), 5.99 (d, J = 2.5 Hz, 1H), 6.40 (s, 2H), 6.54 (s,
1H), 6.76 (s, 1H). 13C NMR (CDCl3, δC): 25.40, 26.13, 29.55,
29.61, 29.81, 29.97, 33.19, 34.80, 39.18, 44.16, 45.98, 56.56,
61.11, 63.41, 71.77, 73.78, 101.96, 107.38, 108.63, 110.11,
128.87, 132.75, 135.22, 137.67, 147.99, 148.51, 153.05,
174.03, 174.63. EI–MS found [M + Na]+ 691.3449; C38H52-
O10Na [M + Na]+ requires 691.3452.

(v) 4-O-Podophyllotoxinyl 12-hydroxyl-octadec-Z-9-enoate
(6). Viscous oil, Rf = 0.7 (n-hexane/ethyl acetate, 1:1 vol/vol as
developer), isolated yield, 97.5%. IR (CHCl3, cm−1): 3525,
1779.68, 1734.24, 1588.40, 1505.45, 1484.67, 1419.96,
1239.40, 1127.47, 1038.32, and 999.80. 1H NMR (CDCl3, δH):
0.84 (t, J = 6.40 Hz, 3H), 1.42–1.25 (m, 16H), 1.64 (m, 2H),
2.02 (m, 2H), 2.17 (m, 2H), 2.39 (m, 2H), 2.83 (m, 1H), 2.87
(dd, J1,2 = 4.5 Hz, J2,3 = 14.5 Hz, 1H), 3.56 (m, 1H), 3.72 (s,
6H), 3.77 (s, 3H), 4.17 (t, J = 10.5 Hz, 1H), 4.32 (dd, J = 7.0
Hz, J = 7.0 Hz, 1H), 4.56 (d, J1,2 = 4.5 Hz, 1H), 5.34 (m, 1H),
5.47 (m, 1H), 5.85 (d, J3,4 = 8.8 Hz, 1H), 5.94 (d, J = 2.5 Hz,
1H), 5.95 (d, J = 2.5 Hz, 1H), 6.35 (s, 2H), 6.50 (s, 1H), 6.72
(s, 1H). 13C NMR (CDCl3, δC): 14.47, 22.99, 25.36, 26.10,
27.74, 29.48, 29.73, 29.96, 32.22, 34.74, 35.75, 37.24, 39.15,
44.12, 45.94, 56.51, 61.11, 71.84, 73.77, 101.98, 107.38,
108.49, 110.09, 125.76, 128.82, 132.72, 133.51, 135.23,
137.52, 147.97, 148.48, 153.01, 174.07, 174.61. MS–EI found
[M + H]+ 695.3769; C40H55O10 [M + H]+ requires 695.3789.

(vi) 4-O-Podophyllotoxinyl eicosa-Z-5,8,11,14-tetraenoate
(7). Viscous oil, Rf = 0.9 (n-hexane/ethyl acetate, 1:1 vol/vol as
developer), isolated yield, 98.5%. IR (CHCl3, cm−1): 1779.15,
1734.62, 1588.11, 1505.04, 1484.55, 1462.84, 1420.29,
1331.78, 1239.20, 1171.51, 1127.49, 1038.39, 999.75. 1H
NMR (CDCl3, δH): 0.90 (t, J = 6.6 Hz, 3H), 1.39–1.28 (m, 8H),
1.78 (q, J = 7.2 Hz, 2H), 2.07 (q, J = 7.0 Hz, 2H), 2.18 (q, J =
7.0 Hz, 2H), 2.18 (m, 2H), 2.88–2.81 (m, 7H), 2.94 (dd, J1,2 =
4.4 Hz, J2,3 = 14.5 Hz, 1H), 3.77 (s, 6H), 3.83 (s, 3H), 4.21 (t, J
= 10 Hz, 1H), 4.37 (dd, J = 7.1 Hz, J = 7.1 Hz, 1H), 4.62 (d,
J1,2 = 4.3 Hz, 1H), 5.46–5.34 (m, 8H), 5.91 (d, J3,4 = 9.2 Hz,
1H), 5.99 (d, J = 2.5 Hz, 1H), 6.0 (d, J = 2.5 Hz, 1H), 6.41 (s,
2H), 6.55 (s, 1H), 6.77 (s, 1H). 13C NMR (CDCl3, δC): 14.43,
22.94, 25.20, 26.03, 26.92, 27.61, 29.69, 31.90, 34.13, 39.17,
44.16, 46.01, 56.57, 61.12, 71.75, 73.90, 101.97, 107.36,
108.63, 110.13, 127.89, 128.16, 128.32, 128.81, 128.88,
129.05, 129.69, 130.91, 132.76, 135.20, 137.70, 148.01,
148.53, 153.07, 174.01, 174.35. EI–MS found [M + Na]+

723.3448; C42H52O9Na [M + Na]+ requires 723.85.
(vii) 4-O-Podophyllotoxinyl eicosa-Z-8,11,14-trienoate (8).

Viscous oil, Rf = 0.9 (n-hexane/ethyl acetate, 1:1 vol/vol as de-
veloper), isolated yield, 98.5%. IR (CHCl3, cm−1): 1779.05,
1734.52, 1588.21, 1505.44, 1484.48, 1462.90, 1420.20,
1331.69, 1239.20, 1171.59, 1127.39, 1038.30, 998.65. 1H
NMR (CDCl3, δH): 0.90 (t, J = 7.0 Hz, 3H), 1.37–1.33 (m,
14H), 1.70 (m, 2H), 2.0 (m, 2H), 2.43 (m, 2H), 2.83 (m, 5H),
2.94 (dd, J1,2 = 4.5 Hz, J2,3 = 14.5 Hz, 1H), 3.77 (s, 6H), 3.82
(s, 3H), 4.21 (t, J = 10.5 Hz, 1H), 4.39 (dd, J = 7.5 Hz, J = 7.5
Hz, 1H), 4.61 (d, J1,2 = 4.5 Hz, 1H), 5.40–5.35 (m, 6H), 5.91
(d, J3,4 = 9.5 Hz, 1H), 5.99 (d, J = 2.5 Hz, 1H), 6.0 (d, J = 2.5

Hz, 1H), 6.40 (s, 2H), 6.55 (s, 1H), 6.76 (s, 1H). 13C NMR
(CDCl3, δC): 14.45, 22.91, 25.29, 25.97, 27.46, 27.54, 29.21,
29.42, 29.63, 29.74, 31.82, 34.66, 39.05, 44.00, 45.83, 56.35,
60.92, 71.52, 73.54, 101.58, 106.94, 108.12, 109.68, 127.48,
127.84, 128.01, 128.24, 129.85, 130.29, 132.19, 134.68,
137.03, 147.38, 147.90, 152.40, 173.35, 173.85. EI–MS found
[M + H]+ 703.3841; C42H55O9 [M + H]+ requires 703.3840.

(viii) 4-O-Podophyllotoxinyl eicosa-Z-11,14-dienoate (9).
Viscous oil, Rf = 0.9 (n-hexane/ethyl acetate, 1:1 vol/vol as de-
veloper), isolated yield, 99%. IR (CHCl3, cm−1): 1779.0,
1734.59, 1588.09, 1505.53, 1484.59, 1462.90, 1420.28,
1331.72, 1239.27, 1171.69, 1127.30, 1038.30, 998.70. 1H
NMR (CDCl3, δH): 0.90 (t, J = 7.0 Hz, 3H), 1.30–1.38 (m, 18
H), 1.69 (m, 2H), 2.07 (m, 2H), 2.45 (m, 4H), 2.78 (t, J = 7.8
Hz, 2H), 2.84 (m, 1H), 2.95 (dd, J1,2 = 4.5 Hz, 1H), 3.77 (s,
6H), 3.82 (s, 3H), 4.22 (t, 10 Hz, 1H), 4.39 (dd, J = 7.5 Hz, J =
7.5 Hz, 1H), 4.61 (d, J = 4.5 Hz, 1H), 5.40–5.34 (m, 4H), 5.99
(d, J = 1.5 Hz, 1H), 6.00 (d, J = 1.5 Hz), 6.40 (s, 2H), 6.55 (s,
1H), 6.76 (s, 1H). 13C NMR (CDCl3, δC): 14.08, 22.56, 24.97,
25.61, 27.18, 29.15, 29.25, 29.32, 29.52, 29.63, 31.56, 34.36,
38.74, 43.69, 45.49, 56.07, 60.71, 71.41, 73.35, 101.59, 106.99,
107.98, 109.65, 127.90, 127.97, 128.39, 130.06, 130.16,
132.28, 134.87, 136.98, 147.55, 148.07, 152.56, 173.81,
174.28. EI–MS found [M]+ 705.4002; C42H56O9 [M]+ requires
705.3996.

(ix) 4-O-Podophyllotoxinyl eicosa-Z-11-enoate (10). Vis-
cous oil, Rf = 0.9 (n-hexane/ethyl acetate, 1:1 vol/vol as devel-
oper), isolated yield, 99%. IR (CHCl3, cm−1): 1780.15,
1735.90, 1586.86, 1515.25, 1486.27, 1465.95, 1423.24,
1331.87, 1238.64, 1172.55, 1127.40, 1038.85, 998.43. 1H
NMR (CDCl3, δH): 0.89 (t, J = 7.0 Hz, 3H), 1.28–1.34 (m,
24H), 1.69 (m, 2H), 2.02 (m, 4H), 2.48 (m, 2H), 2.84 (m, 1H),
2.93 (dd, J1,2 = 4.5 Hz, J = 14.5 Hz, 1H), 3.77 (s, 6H), 3.83 (s,
3H), 4.21 (t, J = 9.5 Hz, 1H), 4.37 (dd, J = 7.0 Hz, J = 7.0 Hz,
1H), 4.61 (d, J1,2 = 4.5 Hz, 1H), 5.35 (m, 2H), 5.90 (d, J3,4 =
9.0 Hz, 1H), 5.98 (d, J = 2.5 Hz, 1H), 6.0 (d, J = 2.5 Hz, 1H),
6.55 (s, 2H), 6.76 (s, 1H), 7.28 (s, 1H). 13C NMR (CDCl3, δC):
14.48, 23.01, 25.35, 27.52, 27.54, 29.50, 29.58, 29.62, 29.74,
29.83, 30.07, 32.20, 34.69, 39.06, 44.02, 45.83, 56.35, 60.91,
71.51, 73.51, 101.57, 106.96, 108.15, 109.67, 128.35, 129.66,
129.82, 132.20, 134.68, 137.07, 147.38, 147.90, 152.42,
173.31, 173.88; EI–MS found [M + Na]+ 729.3894;
C42H58O9Na [M + Na]+ requires 729.90.

(x) 4-O-Podophyllotoxinyl eicosanoate (11). Viscous oil, Rf
= 0.9 (n-hexane/ethyl acetate, 1:1 vol/vol as developer), iso-
lated yield, 99%. IR (CHCl3, cm−1): 1780.0, 1735.60, 1588.68,
1505.87, 1484.57, 1462.86, 1420.28, 1331.77, 1239.27,
1171.69, 1127.45, 1038.47. 1H NMR (CDCl3, δH): 0.88 (t, J =
7.0 Hz, 3H), 1.24 (m, 32H), 1.66 (m, 2H), 2.49 (m, 2H), 2.85
(m, 1H), 2.94 (dd, J1,2 = 4.5 Hz, J2,3 = 14.5 Hz, 1H), 3.76 (s,
6H), 3.82 (s, 3H), 4.20 (t, J = 9.5 Hz, 1H), 4.36 (dd, J = 7.0 Hz,
J = 7.0, 1H), 4.61 (d, J1,2 = 4.5 Hz, 2H), 5.89 (d, J3,4 = 9.0 Hz,
1H), 5.97 (d, J = 2.5 Hz, 1H), 6.0 (d, J = 2.5 Hz, 1H), 6.55 (s,
2H), 6.76 (s, 1H), 7.28 (s, 1H). 13C NMR (CDCl3, δC): 14.50,
23.08, 25.42, 29.57, 29.65, 29.75, 29.85, 30.09, 32.32, 34.80,
39.17, 44.15, 45.97, 56.52, 61.13, 71.79, 73.77, 101.98, 107.39,
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108.51, 110.00, 110.10, 128.85, 132.72, 135.23, 137.55,
147.99, 148.49, 153.03, 174.06, 174.64. EI–MS found [M +
Na]+ 731.4069, C42H60O9Na [M + Na]+ 731.91.

Assay for anticancer activity. The compounds 1–11 were
tested for their in vitro cytotoxicity against a panel of human
cancer cell lines including SK-MEL (malignant, melanoma),
KB (epidermal carcinoma, oral), BT-549 (ductal carcinoma,
breast), SK-OV-3 (ovary carcinoma), and HL-60 (human
leukemia). VERO cells (African green monkey kidney fibro-
blast) were also included in the study as noncancerous mam-
malian cells (14). All the cell lines were from the American
Type Culture Collection (Manassas, VA). The cells were cul-
tured in 75-cm2 culture flasks in RPMI-1640 medium (GIBCO,
Invitrogen Corp., Carlsbad, CA) supplemented with bovine
calf serum (10%) and amikacin (60 mg/L), at 37°C, 95% hu-
midity, 5% CO2 and subcultured every 2–3 d using standard
cell culture techniques. For the assay, HL-60 cells (nonadher-
ent) were seeded in 24-well plates at a density of 1 × 105

cells/well and were allowed to grow undisturbed for 24 h be-
fore addition of the test samples. After 48 h incubation with
samples (diluted in RPMI-1640 medium) at 37°C, cell counts
were made by using the Trypan Blue exclusion method to de-
termine cell viability (15). With solid tumor cells (adherent)
growing as monolayers, the assay was performed in 96-well
microplates. Cells were seeded to the wells of the plate at a den-
sity of 25,000 cells/well and grown for 24 h at 37°C. Samples,
diluted appropriately in RPMI-1640 medium, were added to
the cells and again incubated for 48 h. The number of viable
cells was determined using a modified Neutral Red assay pro-
cedure (16). Briefly, after incubating with the samples, the cells
were washed with saline and incubated for 90 min with the
medium containing Neutral Red (166 µg/mL). The cells were
washed to remove extracellular dye. A solution of acidified iso-
propanol (0.33% HCl) was then added to lyse the cells; as a re-
sult, the incorporated dye was liberated from the viable cells.
The absorbance was read at 540 nm. IC50 (the concentration of
the test compound that caused a growth inhibition of 50% after
48 h of exposure of the cells) was calculated from the dose
curves generated by plotting percent growth vs. the test con-
centration on a logarithmic scale using Microsoft Excel (Red-
mond, WA). All assays were performed in triplicate and the
mean values are given in Table 1.

RESULTS AND DISCUSSION

The ω hydroxy FA are carcinostatic, prevent cancer metastasis,
and prevent the occurrence and reoccurrence of cancer while
having few side effects (17). It has been suggested that exoge-
nous unsaturated FA may increase anticancer activity of cancer
chemotherapeutic agents (18,19). The present study is based
on the synthesis and anticancer activities of podophyllotoxin
derivatives derived from ω-FA and FA of different degrees of
unsaturation. Ten FA—10-hydroxydecanoic, 12-hydroxydodec-
anoic, 15-hydroxypentadecanoic, 16-hydroxyhexadecanoic,
12-hydroxyoctadec-Z-9-enoic, eicosa-Z-5,8,11,14-tetraenoic,
eicosa-Z-8,11,14-trienoic, eicosa-Z-11,14-dienoic, eicosa-Z-

11-enoic, and eicosanoic—were coupled with the C4 α-hy-
droxy group of podophyllotoxin with the help of DCC in the
presence of a catalytic amount of DMAP under nitrogen to pro-
duce 2–11, respectively, in quantitative yields (Scheme 1). The
products 2–11 were obtained as colorless viscous oils when pu-
rified on a silica gel column with n-hexane/ethyl acetate (1:1)
as eluent. The signals of the FA and podophyllotoxin moieties
in the 1H and 13CNMR spectra of compounds 2–11 were suc-
cessfully assigned with the help of 13C-1H COSY correlation,
DEPT 135, 90, and 45 techniques. The high-resolution mass
(electroionization) spectral studies have further confirmed their
structures. A detailed spectral description for compound 6 is
discussed below. 

Compound 6 has a methylene-interrupted 12-hydroxy and
Z-9-olefin system in its C18 FA moiety. Its IR spectrum re-
vealed three bands at 3525 (OH), 1779.68 (lactone C=O), and
1734.24 cm−1 (ester C–O stretching). The presence of the OH
group was further confirmed by the chemical shift of 12-H at
δH 3.56, which was correlated with a carbon signal at δC 71.84.
The two olefinic protons, 9-H and 10-H, were observed at δH
5.34 and 5.47 and correlated with observations at δC 125.76
and 132.72, respectively. A few other significant carbon sig-
nals for the acyl chain were recorded at δC 14.47 (C-18), 22.99
(C-17), 25.36 (C-3), 34.74 (C-2), 174.07 (C-1, ester C=O). Two
intense singlets at δH 3.72 (6H) and 3.77 (3H) represented three
methoxy phenyl groups and correlated with δC 56.51 (2 × OCH3
at 3′-C, 5′-C) and 61.11 (OCH3 at C-4′). The chemical shifts
for the cyclohexyl ring protons were recorded at δH 2.83 (m,
3-H), 2.87 (dd, J1,2 = 4.5 Hz, J2,3 = 14.5 Hz, 2-H), 4.56 (d, J1,2 =
4.5 Hz, 1-H), and 5.85 (d, J3,4 = 8.8 Hz, 4-H), and their respec-
tive carbons were observed at δC 45.94 (C-3), 39.15 (C-2),
44.12 (C-1), and 73.77 (C-4). Each of the two methylene pro-
tons in the lactone ring was resonated separately at δH 4.17 (t,
J = 10.5 Hz, 11-H) and 4.32 (dd, J = 7.0 Hz, J = 7.0 Hz, 11-H)
and corresponded with δC 71.84 (C-11) for their carbon. Two
closely spaced doublets were observed for two methylene pro-
tons (O–CH2–O) in the first ring at δH 5.94 (d, J = 2.5 Hz, 1H)
and 5.95 (d, J = 2.5 Hz, 1H), and their carbon has appeared at
δC 101.98. The chemical shifts for aromatic protons singlets
are moved downfield at δH 6.35 (2′H, 6′H) 6.50 (8-H), and 6.72
(5-H) and their carbons appeared at δC 108.49 (2′C, 6′C),
110.09 (C8), and 107.38 (C-5).

Spectral studies have illustrated that the change in the na-
ture of FA at α-C4 has not significantly influenced the pattern
of proton and carbon signals of the podophyllotoxin moiety.
Compounds 7 (20:4n-6) and 8 (20:3n-6) are PUFA with meth-
ylene-interrupted Z-double bonds. The chemical shifts of
olefinic protons and carbons of 7 are present at δH 5.46–5.34
and δC 127.89, 128.16, 128.32, 128.81, 128.88, 129.05, 129.69,
and 130.91. In compound 8, proton and carbon chemical shifts
were recorded at δH 5.40–5.35 and δC 127.48, 127.84, 128.01,
128.24, 129.85 and 130.29. Product 9 has a methylene-inter-
rupted Z-diene system (20:2n-6) in its FA moiety for which
proton and carbon signals were observed at δH 5.40–5.34 and
at δC 127.90, 127.97, 130.06, and 130.16. Products 2–5 carry
ω-hydroxy FA of different chain lengths. These compounds
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have shown normal FA and podophyllotoxin signals in their
NMR spectra with the addition to a two-proton triplet at around
δH 3.65 and a carbon at around δC 63.41. Their IR spectra
showed a broad band in the region of 3500 to 3400 cm−1, rep-
resenting the terminal hydroxyl group.

Our observations show that coupling reactions between FA
and podophyllotoxin are stereospecific in nature. The nonexis-
tence of epimerized products (C4-β isomers) may be explained
through the reaction mechanism of the reaction. α-Stereoselec-
tivity of C4 is retained, as the α-bond between C4 and the OH
group is not involved in the chemical reaction. Spectral studies
have further supported stereospecific incorporation of FA mol-
ecules (11,12). 

Anticancer evaluation. The cytotoxic activity of FA analogs
of podophyllotoxin 2–11 was investigated and compared with
1 in an in vitro assay against a panel of human solid tumor cells
including SK-MEL, KB, BT-549, and SK-OV-3 as well as the
leukemia cells (HL-60). Their cytotoxicity was also determined
against noncancerous mammalian cells (VERO cells) for com-
parison. The cytotoxic potencies of these compounds are ex-
pressed in terms of IC50 values, as shown in Table 1. Com-
pounds 2–9 showed significant cytotoxicity to all cancer cells
tested. They did not affect the growth of VERO cells up to the
highest concentration of 15 µM in the assay, thus demonstrat-
ing a selectivity toward the tumor cells. Compounds 2 and 7
were the most active analogs, with IC50 values ranging from
0.07 µM for HL-60 cells to 0.4 µM for KB cells. Compound 2
has the shortest FA carbon chain (C10) of the ω-hydroxy acids
tested. The cytotoxicity of the other ω-hydroxy FA analogs,
3–5, decreased with increasing chain length (C11–C15). The sig-
nificantly higher activity of 7 may be attributed to the presence
of a methylene-interrupted tetra Z-unsaturated system on a C20
FA side chain in the molecule. The activity of other such mole-
cules was found to decrease with a decrease in the degree of
methylene-interrupted Z-unsaturation in the FA side chain, as
observed for 8 (triene) and 9 (diene). Compounds 6 and 10
carry isolated Z-monounsaturation on their respective C18 and

C20 FA side chains. The moderate activity of 6 may be attrib-
uted to a 12-hydroxyl group on the side chain, whereas 10 was
not active.

The present investigations have indicated that the presence
of a hydroxyl group and poly Z-unsaturation may be responsi-
ble for such activity. This may be why 11 did not show any an-
ticancer activity in any of the cell lines (Table 1). When cells
were incubated with equimolar concentrations of the FA used
to synthesize 2–11 and podophyllotoxin, the presence of FA did
not affect the activity of podophyllotoxin (data not shown), rul-
ing out the possibility that FFA can mitigate the toxicity of
podophyllotoxin. 

Although the cytotoxic activity of 2–9 is not stronger than
the parent compound, 1, they are not cytotoxic to normal cells,
unlike 1. This observation indicated that these new FA analogs
may have some advantages over 1.

We have demonstrated a facile and quantitative method for
the preparation of FA analogs 2–11 of 1 and evaluated their an-
ticancer potential. This is the first report of the reaction of tetra
Z-unsaturated FA with α-C4 podophyllotoxin to produce 7.
Analogs 2–9 exhibited cytotoxic activity against a panel of
human solid tumor and leukemia cells. Interestingly, none of
them showed any cytotoxicity to normal cells. 
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ABSTRACT: Nigerloxin [2-amido-3-hydroxy-6-methoxy-5-
methyl-4-(prop-1′-enyl) benzoic acid], a fungal metabolite, is
an inhibitor of lipoxygenase and aldose reductase with free rad-
ical-scavenging properties. The interaction of nigerloxin with
bovine serum albumin (BSA) was investigated using fluores-
cence spectroscopy and circular dichroic measurements. The
fluorescence of BSA was quenched following interaction with
nigerloxin, and this property was used to generate a binding
constant. The estimated association constant was 1.01 ± 0.2 ×
106 M−1. Job’s method of continuous variation indicated that
nigerloxin formed a 1:1 ± 0.1 complex with BSA. To understand
the nature of the interaction, the variance in the association
constant as a function of temperature in the range of 14–45°C
was used to calculate the thermodynamic parameters. The ther-
modynamic parameters at 27°C derived from the mass action
plot and van’t Hoff’s plot were as follows: ∆G = −8.2 ± 0.1
kcal/mol, ∆H ≈ 0 kcal/mol, and ∆S = 27.5 ± 0.4 cal/mol/K
(where ∆G is free energy, ∆H is enthalpy, and ∆S is entropy).
Increasing ionic strength did not favor interaction. Circular
dichroic measurements revealed that the interaction of niger-
loxin with BSA did not lead to changes in the secondary struc-
ture of the protein. The reversibility of the interaction verified
by the dilution method was found to be reversible. These mea-
surements suggest that partial hydrophobic and partial ionic
bonding play a role in the interaction of nigerloxin with BSA.

Paper no. L9403 in Lipids 39, 173–177 (February 2004).

During the course of our screening of bioactive molecules
from microbial sources (1–3), we reported the discovery of a
new metabolite, designated as nigerloxin [2-amido-3-hy-
droxy-6-methoxy-5-methyl-4-(prop-1′-enyl) benzoic acid;
Scheme 1]. Obtained from Aspergillus niger CFR-W-105
through solid-state fermentation (4), nigerloxin acts as an in-
hibitor of lipoxygenase (LOX) and aldose reductase and pos-
sesses free radical-scavenging property. Inhibitors against
LOX are used as food preservatives or antioxidants in food. In
medicine, they are used as anti-asthmatic, anti-inflammatory,
anti-angiogenic, anti-cancer, and anti-atherosclerotic agents. 

Nigerloxin is a lipophilic molecule with phenolic groups
and a conjugated double bond. Many lipophilic molecules,
such as long-chain fatty acid (FA), are known to be carried by
albumin in the blood (5).

Serum albumin is the most abundant protein in the circula-
tory system, with a M.W. of 66 kDa [with bovine serum albu-
min (BSA)]; its principal function is to transport FA, metabo-
lites, and other hydrophobic molecules from the site of injec-
tion to the site of their pharmacological action. The crystal
structure of BSA was well characterized by Curry et al. (6).
BSA and human serum albumin (HSA) are frequently used in
biophysical and biochemical studies since they have a similar
folding, a well-known primary structure, and they have been
associated with the binding of many different categories of
small molecules. One important difference between BSA and
HSA is that BSA has two tryptophan residues, whereas HSA
has a unique tryptophan (7). The effectiveness of the com-
pounds from a pharmaceutical standpoint depends on their
binding ability with serum albumins. However, whether albu-
min can function as a carrier molecule for nigerloxin is not
known. To assess this, the present investigation was undertaken
to study the interaction of nigerloxin with BSA. The interac-
tion was followed by fluorescence quenching and circular
dichroism (CD) measurements. 

MATERIALS AND METHODS

Nigerloxin was prepared according to the method described
in Rao et al. (4). N-Acetyl tryptophan amide, Trizma® base,
and BSA were purchased from Sigma (St. Louis, MO). All
other reagents were of analytical reagent grade.

Fluorescence quenching studies. A stock solution of niger-
loxin (68 mM) was prepared in DMSO and diluted to 40 µM
with 50 mM Tris–HCl buffer (pH 7.4). A working solution of
BSA (1.51 µM) was prepared in Tris–HCl buffer (pH 7.4).
The intrinsic fluorescence of BSA in the presence and ab-
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sence of nigerloxin at different concentrations was followed
at 282 nm excitation and 342 nm emission wavelengths in a
Shimadzu RF5000 recording spectrofluorometer (Kyoto,
Japan) with a thermostatted cuvette holder attached for con-
stant temperature.

Quenching of the relative fluorescence intensity of BSA
by nigerloxin was analyzed in terms of the binding of niger-
loxin to protein by using an established method (8), assuming
that the binding of each molecule of nigerloxin would cause
the same degree of fluorescence quenching. The percentage
of quenching of the fluorescence intensity of proteins by
nigerloxin was corrected empirically for an inner filter effect
by subtracting the percentage of quenching of the fluores-
cence of N-acetyl-tryptophan amide equivalent in absorption
to the protein at 282 nm by the same concentration of niger-
loxin. The equilibrium constant, Keq, is given by the follow-
ing equation:

β 1
Keq = –––––– × –––– [1]

1 − β Cf

where β = Q/Qmax, Cf = C − nβT, in which Q is the corrected
percentage of quenching; Qmax is the maximal percentage of
quenching; Cf is the molar equilibrium concentration of un-
bound nigerloxin; C is the molar constituent concentration of
nigerloxin; T is the molar constituent concentration of BSA;
and n is the binding stoichiometry. The value of Keq is given
by the slope of the plot of β/(1 − β) against Cf; Qmax was de-
termined by extrapolation of a plot of 1/Q against 1/C to 1/C
= 0 (9). In both cases, the data were fitted to a straight line 
by the least squares method. The value of n for the niger-
loxin–BSA interaction was obtained by Job’s method of con-
tinuous variation (10). The total concentration of nigerloxin
and BSA was held constant at 2.25 µM, and their relative con-
centrations were varied. Q was plotted against the mole frac-
tion of BSA, and the linear portions of the curve were extrap-
olated; the molar ratio of nigerloxin and BSA in the complex
were taken from the point of intersection.

The reversibility of the BSA–nigerloxin interaction was
verified by dilution measurements.

CD studies CD measurements were made with a JASCO
J-810 automatic recording spectropolarimeter (Tokyo, Japan),
calibrated with d(+)-10-camphor sulfonic acid. Quartz cells
of 1 cm pathlength for the 250–500 nm region and 1 mm for
the far-UV region were used. Slits were programmed to yield
a 10-Å bandwidth at each wavelength (11). Molar ellipticity
values, θmrw, were calculated using a value of 115 for BSA.

RESULTS

Fluorescence spectroscopic studies. Fluorescence emission
spectra of BSA, after being excited at 282 nm, were observed
at 342 nm. Addition of increasing amounts of nigerloxin
quenched the fluorescence of BSA without significantly af-
fecting the fluorescence maxima (data not shown). The rela-
tive fluorescence emission intensities at 342 nm were plotted
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FIG. 1. (A) Fluorescence quenching of BSA by nigerloxin at (◆) 14, (■)
27, (▲) 36, and (●) 45°C. The concentration of BSA was 0.1 mg/mL.
Measurements were made in 50 mM Tris–HCl buffer, pH 7.4. (B) Mass
action plot of β/(1 − β) against free nigerloxin concentration at (◆) 14,
(■) 27, (▲) 36, and (●) 45°C. The slope of the straight line was used to
obtain the equilibrium constant (Keq). (C) Job’s plot for the interaction of
BSA with nigerloxin; [BSA] + [nigerloxin] = 2.25 µM. Error bars repre-
sent lower and upper limits of the experimental values.



against the nigerloxin concentrations (Fig. 1A). The fluores-
cence emission of BSA decreased by 35% at a nigerloxin con-
centration of 2 µM. From the corresponding double recipro-
cal plot of fluorescence-quenching data, it is evident that
nigerloxin quenches the fluorescence of BSA with a Qmax of
57.1 ± 0.2% at 27°C. 

The stoichiometry of the binding of nigerloxin to BSA was
established using Job’s method of continuous variation (Fig.
1C) and was found to be 1:1 ± 0.1. By using the value of n =
1 and the extent of maximal interaction obtained from the
double reciprocal plot, a mass action plot was constructed
using Equation 1 and is displayed as Figure 1B. From the
slope of the mass action plot, the equilibrium constant was
found to be 1.01 ± 0.2 × 106 M−1 at 27°C (Fig. 1B).

The effect of temperature on nigerloxin–BSA interaction.
The effect of temperature in the range of 14 to 45°C on niger-
loxin–BSA interaction was followed by determining the Keq,
which varied over the temperature range studied. The Keq val-
ues remained nearly constant from 14 to 36°C, but a further
increase in temperature above 36°C showed a decrease in Keq
(Table 1). 

The change in free energy (∆G) at various temperatures
was also determined (Table 1). The van’t Hoff plot was used
to determine enthalpy (∆H) and entropy (∆S) values for the
interaction of nigerloxin with BSA. Thus, van’t Hoff’s bind-
ing enthalpy was ∆H° ≈ 0 kcal/mol and the binding reaction
was entropy-driven: ∆S° = 27.5 + 0.4 cal/mol/K at 27°C with
activation free energy of ∆G = RT lnKeq = −8.2 ± 0.1 kcal/mol
(Table 1).

The effect of ionic strength on nigerloxin–BSA interaction.
To determine whether ionic interaction played a role in the
binding of nigerloxin with BSA, the ionic strength of the
working buffer was increased by adding 0.2 and 0.5 M KCl.
We found that as the ionic strength of the buffer was increased
to 0.2 M KCl, the Qmax dropped to 28%, which was exactly
half the maximum quench shown by nigerloxin in the absence
of KCl (57%) (Fig. 2). A further increase in the KCl concen-
tration (0.5 M) resulted in the loss of binding efficiency of the
nigerloxin with BSA, which was evident from the association
constant of 0.07 ± 0.04 × 106 M−1, shown in Table 2. Associ-
ation constants were calculated from the slopes of the curves
obtained from the mass action plot of the quenching data in
the presence of KCl. It is conceivable that the carboxyl group
on the phenyl ring was involved in the ionic bonding that was
favored at very low ionic strengths. This suggests that ionic

interaction played a role in the interaction of nigerloxin with
BSA.

The effect of nigerloxin on structural changes of BSA. BSA
exhibited broad minima in the near-UV region of 260 to 500
nm. The addition of nigerloxin (up to 125 µM) did not affect
the molar ellipticity values in this region (Fig. 3A). Niger-
loxin also did not significantly affect the CD bands in the far-
UV region (200 to 260 nm) (Fig. 3B). Thus, it did not induce
CD bands in any of the regions tested (200 to 500 nm), sug-
gesting that the binding of nigerloxin to BSA does not result
in secondary structural changes to the protein.

DISCUSSION

These results indicate that nigerloxin binds to BSA with one
binding site, characterized by a Keq of 1.01 ± 0.2 × 106 M−1.
The binding constant obtained in the present study was the
high-affinity binding site (saturated at 2 µM) detected by flu-
orescence measurements, as no changes were observed in the
CD bands in the range of 200 to 500 nm, thus indicating that
no other binding sites would lead to structural changes in the
BSA molecule. 

Nigerloxin has a phenolic structure with conjugated dou-
ble bonds; proteins and phenols are thought to complex with
each other reversibly via hydrogen bonding and hydrophobic
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TABLE 1
Changes in the Association Constants and Free Energy (∆G) at Differ-
ent Temperatures

Association
Temperature constant ∆G

°C K Qmax (× 106 M−1) (kcal/mol)

14 287 44.8 ± 0.5 0.95 ± 0.2 −7.8 ± 0.1
27 300 57.1 ± 0.4 1.01 ± 0.2 −8.2 ± 0.1
36 309 49.2 ± 0.6 0.91 ± 0.3 −8.4 ± 0.2
45 318 53.1 ± 0.4 0.50 ± 0.2 −8.3 ± 0.1

FIG. 2. Fluorescence quenching of BSA by nigerloxin at different con-
centrations of KCl. Concentration of BSA was 0.1 mg/mL. Measurements
were made in (◆) 50 mM Tris–HCl buffer, pH 7.4, and with (■) 0.2 and
(▲) 0.5 M KCl.

TABLE 2
Effect of Ionic Strength on the Maximum Fluorescence Quench and
Association Constant of Nigerloxin with BSA

Ionic strength Qmax Association constant (× 106 M−1)

No KCl 57.1 ± 0.4 1.01 ± 0.2
0.2 M KCl 28.0 ± 0.4 0.12 ± 0.2
0.5 M KCl <5 ± 1.0 0.07 ± 0.04



interactions (12). The involvement of hydrophobic groups in
the formation and stabilization of phenolic tannins–protein
complexes was established in several independent studies
(13). Oh et al. (13) drew attention to the fact that hydropho-
bic interactions may dominate ligand–protein interaction. 

Earlier workers (14) showed that the capacity of ligands to
bind to protein is determined by the chemical and physical
nature of the phenolic nucleus itself. Both nigerloxin and
BSA contain hydrophobic regions. The propenyl side chain,
aromatic methyl, aromatic nucleus, and phenolic groups pres-
ent in nigerloxin, which are essentially hydrophobic, have an
affinity for the aliphatic and aromatic side chains of BSA. The
binding stoichiometry of nigerloxin with BSA is indicative of
mole-to-mole interaction. Since BSA is known to contain hy-

drophobic pockets, it is feasible that nigerloxin possibly binds
to the hydrophobic pockets of albumin. Our studies on the Keq
as a function of temperature favored the concept of hydropho-
bic bonding as a contributing factor in the binding of niger-
loxin to BSA. Changes in the free energy (∆G) and enthalpy
(∆H) in the temperature range above 27°C support the role of
hydrophobic bondings.

The binding stoichiometry of nigerloxin and BSA is in-
dicative of mole-to-mole interaction. The binding constant of
nigerloxin with BSA is comparable with that of L-thyroxine
(1.7 × 106 M−1) (15) at pH 7.4 and 24°C. L-Tyrosine and 
L-thyroxine are the only amino acids that bind to albumin.
Tryptophan and thyroxine share the same site (16), which will
bind short-chain FA as well as numerous organic anions, in-
cluding diazepines, naproxen, clofibrate, and flufenamic acid.
Sudlow et al. (17) showed that the cations of these drugs play
a major role in binding to serum albumin. Gossypol, a
polyphenol present in cottonseed, binds to serum albumin
with an association constant of 2.2 × 106 M−1 (14). Serum al-
bumin is the carrier of both exogenous and endogenous lig-
ands. These ligands associate with serum albumin in plasma
by noncovalent linkages (such as hydrogen bonding, ionic
bonding, and hydrophobic bonding), and some of them have
very high association constants (18,19). 

The effect of KCl on the association constant of the bind-
ing was studied to gain insight into the nature of noncovalent
interactions. We found that a high ionic strength did not favor
the interaction of nigerloxin with BSA. The polar functional
groups of nigerloxin, such as the carbonyl, phenolic, and
amide groups, might be involved in the ionic interaction with
BSA, suggesting that nigerloxin binds to BSA partially by the
formation of ionic bonds.

FA in the serum are also carried by albumin, and albumins
contain six binding sites for FFA (5). Palmitic acid binds to
albumin with an association constant of 5.5 × 106 M−1. An in-
crease in the acyl chain length and degree of acyl chain un-
saturation for the same chain length increases the association
constant, suggesting that the solubility of FA in an aqueous
medium may play a significant role in the equilibrium created
by the association of FA with serum albumin and the aqueous
phase (20). Because the propenyl side chain of nigerloxin is
hydrophobic in nature, it might interact with hydrophobic
pockets of BSA. Therefore, partial hydrophobic bonding and
partial ionic bonding play major roles in the binding of niger-
loxin with BSA, as evidenced from the mass action plot and
the effect of KCl concentration, respectively. Furthermore,
the Keq obtained for the binding of nigerloxin with BSA was
comparable to many of the Keq reported for both exogenous
and endogenous ligands with BSA (18).

The reversibility of the interaction of nigerloxin with BSA
was verified by the dilution method.

The data generated from this study will be highly valuable
to biomedical research, giving more complete insight into the
molecular mechanisms of drug activity, detoxification, and
general toxicity, which will facilitate the prediction of drug
activity and improve rational drug design.
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FIG. 3. Circular dichroism (CD) spectra of BSA: (A) near-UV CD (◆◆) in
the absence of nigerloxin and (▲) in the presence of 50 µM nigerloxin.
The measurement was made in 1-cm cells, and the BSA concentration
was 2 mg/mL. (B) Far-UV CD (●●) in the absence of nigerloxin and (■■)
in the presence of 50 µM nigerloxin. The measurement was made in 1-
mm cells, and the BSA concentration was 0.2 mg/mL.
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ABSTRACT: The characterization and structure of epoxy carote-
noids possessing 5,6-epoxy, 5,8-epoxy and 3,6-epoxy end groups
conjugated to the polyene chain were investigated using high-
energy fast atom bombardment collision-induced dissociation
MS/MS methods. In addition to [M – 80]+⋅, a characteristic fragment
ion of an epoxy carotenoid, product ions resulting from the cleav-
age of C–C bonds in the polyene chain from the epoxy end group,
such as m/z 181 (b ion) and 121 (c ion), were detected. On the other
hand, diagnostic ions of m/z 286 (e-H ion) and 312 (f-H ion) were
observed, not in the 5,6-epoxy or 5,8-epoxy carotenoid but in the
3,6-epoxy carotenoid. These fragmentation patterns can be used to
distinguish 3,6-epoxy carotenoids from 5,6-epoxy or 5,8-epoxy
carotenoids. The structure of an epoxy carotenoid, 3,6-epoxy-5,6-
dihydro-7′,8′-didehydro-β,β-carotene-5,3′-diol (8), isolated from
oyster, was characterized using FAB CID-MS/MS by comparing
fragmentation patterns with those of related known compounds.

Paper no. L9383 in Lipids 39, 179–183 (February 2004).

Carotenoids are the pigments responsible for many of the yel-
low, orange, red, and purple colors distributed throughout na-
ture. More than 600 different, but closely related, structures
have been identified from biological sources (1,2), all of
which are very labile. Therefore, there is a need to establish a
rapid and reliable method for analyzing them (2). Fast atom
bombardment collision-induced dissociation (FAB CID)-
MS/MS methods have widely been used for the structural
analysis of natural products. Van Breemen et al. (3) reported
the structural analysis of 17 carotenoids by positive ion FAB-
MS/MS using a two-sector mass spectrometer with linked
scanning at a constant B/E [ratio of magnetic (B) and electric
(E) fields held at a constant] and high-energy collisionally acti-
vated dissociation. Recently, we reported the relationship be-
tween structure and the product ions obtained from molecular
ions (M+.

) by using four-sector tandem MS with high-energy
FAB CID-MS/MS spectra of 28 carotenoids (4).

Here, we report the characterization by high-energy FAB
CID-MS/MS of epoxy carotenoids possessing 5,6-epoxy, 5,8-

epoxy, and 3,6-epoxy end groups conjugated to the polyene
chain and the structural analysis of an epoxy carotenoid iso-
lated from the oyster Crassostrea gigas by using this method.

EXPERIMENTAL PROCEDURES

FAB CID-MS/MS. MS/MS spectra were recorded using a
JEOL JMS-HX/HX 110A four-sector tandem mass spectrom-
eter. A few micrograms of sample dissolved in benzene was
placed on a stainless-steel probe tip and added to 1–2 µL of
m-nitrobenzyl alcohol (NBA) as a matrix. The positive FAB
ionization was achieved by bombardment with 6 kV xenon
atoms at an atom gun current of 5 mA. The accelerating volt-
age in the source was 10 kV. The radical cation M+.

was se-
lected as a precursor by MS1, and collided with argon in a
collision cell located in the third field-free region. Argon gas
pressure was adjusted to attenuate the intensity of the precur-
sor ion by 30%. The collision cell potential was 3 kV. The re-
sulting product ions were acquired by accumulating several
linked scans on MS2.

Sample preparation. The isolation and purification of epoxy
carotenoids were performed by routine procedures. Violaxan-
thin (5,6,5′,6′-diepoxy-5,6,5′,6′-tetrahydro-β,β-carotene-3,3′-
diol; 1), auroxanthin (5,8,5′,8′-diepoxy-5,8,5′,8′-tetrahydro-β,β-
carotene-3,3′-diol; 2), cycloviolaxanthin (3,6,3′,6′-diepoxy-
3,6,3′,6′-tetrahydro-β,β-carotene-5,5′-diol; 3), antheraxanthin
(5,6-epoxy-5,6-dihydro-β,β-carotene-3,3′-diol; 4), mutatoxan-
thin (5,8-epoxy-5,8-dihydro-β,β-carotene-3,3′-diol; 5), and cu-
curbitaxanthin A (3,6-epoxy-3,6-dihydro-β,β-carotene-5,3′-
diol; 7) were isolated from the pumpkin, Cucurbita maxima (5);
and diadinochrome (5,8-epoxy-5,8-dihydro-7′,8′-didehydro-
β,β-carotene-3,3′-diol; 6) was isolated from the tunicate,
Amaroucium pliciferum (6), according to methods previously
described. An epoxy carotenoid (8) was isolated from the oys-
ter, C. gigas, according to routine procedures. The structures of
these carotenoids are shown in Scheme 1. The acetone extract
of the edible parts (purchased commercially in that form, hence
weight of intact animal unknown) of C. gigas (10 kg) was parti-
tioned between n-hexane/ether (1:1) and aqueous NaCl. The or-
ganic layer was dried over Na2SO4 and then concentrated to dry-
ness. The residue was subjected to column chromatography on
silica gel using an increasing percentage of acetone in n-hexane.
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The fraction eluted with n-hexane/acetone (7:3) was further pu-
rified by HPLC on octadecylsilane with chloroform/acetonitrile
(1:9) to yield the epoxy carotenoid, 8 (0.5 mg). Details of the
isolation and structural elucidation of 8 including an NMR
study are reported in the literature (7).

RESULTS AND DISCUSSION

In the positive-ion FAB MS spectra of carotenoids obtained
using m-NBA as a matrix, the radical cation [M]+.

was predom-
inant rather than the protonated molecular ion [MH]+ (4). There-
fore, M+.

was used as the precursor ion of CID-MS/MS for the
epoxy carotenoids investigated in the present study. Character-
istic product ions observed in epoxy carotenoids are listed in
Table 1. The nomenclature used to denote typical fragments re-
sulting from specific bond cleavages in the polyene chain is
shown in Scheme 2.

FAB CID-MS/MS spectra of symmetrical epoxy carotenoids.
Violaxanthin (1), auroxanthin (2), and cycloviolaxanthin (3) are
symmetrical epoxy carotenoids possessing the same molecular
formula, C40 H56O4. Violaxanthin (1), having a 3-hydroxy-5,6-
epoxy end group at both ends of the polyene chain, showed the
major product ions m/z 582 [M – 18]+.

(elimination of water)
and 520 [M – 80]+.

, a characteristic fragment ion observed in
the epoxy carotenoids (9,10). Furthermore, a series of product
ions resulting from the cleavage of C–C bonds in the polyene
chain, from the epoxy end group such as m/z 221 (c ion: attrib-
uted to cleavage between C10 and C11), 352 (g-H ion: attrib-
uted to cleavage between C14′ and C13′ accompanied by a hy-
drogen transfer to the C13′ side) and 419 (i ion: attributed to
cleavage between C9′ and C8′) was detected. However, no loss
of toluene [M – 92]+.

was observed.
Auroxanthin (2), having a 3-hydroxy-5,8-epoxy (furan)

end groups on both sides of the polyene chain, showed almost
the same product ion patterns as 1. Furthermore, auroxanthin
exhibited additional product ions resulting from the cleavage
of single bonds in the polyene chain from the epoxy end
group, m/z 181 (b ion: attributed to cleavage between C8 and
C9), 247 (d ion: attributed to cleavage between C12 and C13),
287 (e ion: attributed to cleavage between C14 and C15), and
379 (h ion: attributed to cleavage between C11′ and C10′).

Cycloviolaxanthin (3), possessing a 3-hydroxy-3,6-epoxy
end group on both ends of the polyene chain, also showed m/z
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SCHEME 1

TABLE 1 
Fragment Ions Obtained by FAB CID-MS/MS of Epoxy Carotoids

1 2 3 4 5 6 7 8

M (m/z) 600 600 600 584 584 582 584 582
M – 18 582 582 582 566 566 564 566 564
M – 33 — — — — — 531 — 531
M – 80 520 520 520 504 504 502 504 502
M – 92 — — — 492 492 490 492 490
b — 181 181 181 181 181 181 181
c 221 221 221 221 221 221 221 221
d — 247 247 — — — — —
e — 287 286 (–H) — — — 286 (–H) 286 (–H)
f — — 312 (–H) — — — 312 (–H) 312 (–H)
g 352 (–H) 352 (–H) — 352 (–H) 352 (–H) 352 (–H) — —
h — 379 379 — — — — —
i 419 419 419 — — — — —
j — — 445 — — — — —
b′ — — — 404 (–H) 404 (–H) 402 (–H) — —
c′ — — 379 — — — 364 (+H) 362 (+H)
x′ — — — — — — 416 414



520 [M – 80]+.
. The sequential product ions obtained by cleav-

age of all single bonds in the polyene chain except for cleavage
between C14′ and C13′ (g-H ion; m/z 352) were observed in cy-
cloviolaxanthin (3). Notably, m/z 286 (e-H ion: attributed to
cleavage between C14 and C15 and transfer of a hydrogen to the
C15 site) was detected, which was not observed in 5,6-epoxy or
5,8-epoxy carotenoids. On the other hand, m/z 352 (g-H ion) was
not observed for 3. These fragment patterns characterize the 3,6-
epoxy carotenoid. No loss of toluene [M – 92]+.

was observed
in 2 or 3.

FAB CID-MS/MS spectra of asymmetrical epoxy carotenoids.
Antheraxanthin (4), having a 3-hydroxy-5,6-epoxy end group
and a 3-hydroxy-β-end group on each side of the polyene chain,
showed the major product ions m/z 566 [M – 18]+.

, 504 [M –
80]+.

, and 492 [M – 92]+.
with elimination of a neutral molecule

of toluene from the polyene chain (8). Furthermore, a series of
product ions resulting from the cleavage of C–C bonds in the
polyene chain from the epoxy end group side such as m/z 181 (b
ion), 221 (c ion), and 352 (g-H ion) were obtained. In addition
to these ions, 4 exhibited the diagnostic ion m/z 404 (b′ + H ion:
loss of the C1 to C8 moiety from the molecule by cleavage be-

tween C8 and C9 accompanied by a hydrogen transfer to the C8
site), which could provide structural information on the 3-
hydroxy-β-end group side of the molecule.

Mutatoxanthin (5), having a 3-hydroxy-5,8-epoxy (furan)
end group and a 3-hydroxy-β-end group on both ends of the
polyene chain, showed almost the same product ions as that
of 4 as shown in Figure 1.

Diadinochrome (6), a 7′,8′-didehydro analog of 5, also
showed almost the same fragmentation pattern—m/z 580 [M  –
18]+.

, 502 [M – 80]+.
, 490 [M – 92]+.

, 181 (b ion), 221 (c ion),
and 352 (g-H ion)—as 5, as shown in Figure 2. On the other
hand, 6 showed [M – 33]+ (loss of CH3

.
and H2O from M+.

), a
fragment ion characteristic of carotenoids possessing an
acetylenic group at 7,8 and/or 7′,8′ in the polyene chain such as
alloxanthin, diatoxanthin, and halocynthiaxanthin (4). Moreover,
the shift down of b′ + H ion (m/z 402) by 2 mass units compared
with 5 agreed with the presence of an acetylenic group at the 3-
hydroxy-β-end group side (7′,8′ position) in 6.

Cucurbitaxanthin A (7), possessing a 3-hydroxy-3,6-epoxy
end group and a 3-hydroxy-β-end group, has the same molecu-
lar formula, C40 H56 O3, as 4 and 5 and also exhibited the prod-
uct ions m/z 582 [M – 18]+.

, 504 [M – 80]+.
, 492 [M – 92]+.

,
181 (b ion), and 221 (c ion) as shown in Figure 3. However, no
g-H ion was observed. On the other hand, 7 showed the diag-
nostic ions m/z 416 (x′ ion: cleavage of C=C bond between C7
and C8) and 364 (c′ + H ion). These fragmentation patterns can
be used to distinguish a 3,6-epoxy carotenoid from a 5,6-epoxy
or 5,8-epoxy carotenoid.

Application of FAB CID-MS/MS to the structural analysis
of the epoxy carotenoid isolated from oyster. After character-
izing CID-MS/MS fragments of known epoxy carotenoids, we
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SCHEME 2

FIG. 1. Fast atom bombardment collision-induced dissociation (FAB CID)-MS/MS spectrum of M+. of mutatoxanthin (5).
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used this method for the structural analysis of an epoxy
carotenoid (8) isolated from the oyster, C. gigas. Compound 8
was found to have a molecular ion at m/z 582.4080, compatible
with the formula C40H54O3 by high-resolution EI-MS. The CID

spectrum of 8 (Fig. 3) showed product ions typical of a 3,6-
epoxy carotenoid, i.e., m/z 502 [M – 80]+.

, 181 (b ion), 221 (c
ion), and 286 (e-H ion). Furthermore, 8 showed m/z 431 [M –
33]+, a product ion characteristic of acetylenic carotenoid (4).
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FIG. 3. FAB CID-MS/MS spectrum of M+. of cucurbitaxanthin A (7). For abbreviation see Figure 1.
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FIG. 2. FAB CID-MS/MS spectrum of M+. of diadinochrome (6). For abbreviation see Figure 1.
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Moreover, as well as diadinochrome (6), the 2-mass unit shift
down of the x′ ion at m/z 414 and c′ + H ion at m/z 362 compared
with 7 clearly indicated the presence of an acetylenic group at
the 7′,8′ position in the polyene chain. Therefore, the planar
structure of 8 was postulated to be 3,6-epoxy-5,6-dihydro-7′,8′-
didehydro-β,β-carotene-5,3′-diol as shown in Figure 4. This
finding was supported by NMR analysis (7).

In conclusion, high-energy FAB CID-MS/MS was used to
clarify the relationship between the structure and product ions
of epoxy carotenoids possessing 5,6-epoxy, 5,8-epoxy, and 3,6-
epoxy end groups conjugated to the polyene chain. In addition
to [M – 80]+.

, a fragment ion characteristic of an epoxy
carotenoid, product ions resulting from cleavage of C–C bonds
in the polyene chain from the epoxy end group such as m/z 181
(b ion) and 121 (c ion) were detected. On the other hand, the
diagnostic ion m/z 286 (e-H ion) was observed, not in the 5,6-
epoxy or 5,8-epoxy carotenoid, but in the 3,6-epoxy carotenoid.
Furthermore, no g-H ion was detected in 3,6-epoxy carotenoid.
These fragmentation patterns can be used to distinguish a 3,6-
epoxy carotenoid from a 5,6-epoxy or 5,8-epoxy carotenoid. The
structure of an epoxy carotenoid (8) isolated from oyster was
characterized using FAB CID-MS/MS by comparing fragmen-
tation patterns with those of related known compounds. There-
fore, high-energy FAB CID-MS/MS is a useful method for the
structural analysis of carotenoids.
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FIG. 4. FAB CID-MS/MS spectrum of M+. of an epoxy carotenoid, 3,6-epoxy-5,6-dihydro-7′,8′-didehydro-β,β-
carotene-5,3′-diol (8), isolated from oyster. For abbreviation see Figure 1.
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ABSTRACT: Octadecadienoic acids with conjugated double
bonds are often referred to as conjugated linoleic acid, or CLA.
CLA is of considerable interest because of potentially beneficial
effects reported from animal studies. Analysis of CLA is usually
carried out by GC elution of FAME. If the presence of low-level
isomers is of interest, a complementary technique such as silver-
ion HPLC is also used. These analyses have been hindered by a
lack of well-characterized commercially available reference
materials. Described here are the synthesis and isolation of se-
lected 6,8- through 13,15-positional CLA isomers, followed by
isomerization of these CLA isomers with iodine to produce all
the possible cis,cis, cis,trans, trans,cis, and trans,trans combina-
tions. Also present are the GC retention times of the CLA FAME
relative to γ-linolenic acid (6c,9c,12c-octadecatrienoic acid)
FAME using a 100-m CP Sil-88 capillary column (Varian Inc.,
Lake Forest, CA). These data include all the CLA isomers that
have been identified thus far in foods and dietary supplements
and should greatly aid in the future analysis of CLA in these
products.

Paper no. L9227 in Lipids 39, 185–191 (February 2004).

Isomers of octadecadienoic acid with conjugated double bonds
are referred to individually or collectively as conjugated linoleic
acid (CLA). Fourteen positional isomers of octadecadienoic acid
with conjugated double bonds (from 2,4-18:2 to 15,17-18:2) are
possible. Positions 2,4 to 14,16 have four geometric isomers
(cis,cis, cis,trans, trans,cis, and trans,trans). Only two isomers
with double bonds in the 15- and 17-positions are possible, i.e.,
the double bond in position 15 can be cis or trans, whereas the
double bond at position 17 is neither cis nor trans. Thus, a total
of 54 CLA isomers are possible. CLA has been of interest be-
cause of reported potentially beneficial effects that occur when
CLA is added as a dietary component in feeding studies. Most
such studies have involved small animals (1). Only five of these
CLA isomers (9c,11t-18:2, 10t,12c-18:2, 9c,11c-18:2, 9t,11t-
18:2, and 11c,13t-18:2) are commercially available. To over-
come this problem, the synthesis and chromatographic charac-
terization of all the cis/trans CLA isomers between the 6,8 and
13,15 double-bond positions were carried out in this study.  

If one is interested in only total CLA in a properly ex-
tracted (2) and methylated sample portion, FAME that elute
at the GC retention time of 9c,11t/7t,9c will give ~90% accu-
racy in the analysis of natural products, e.g., milk (3). Analy-
sis of the isomers present at low levels requires procedure(s)
that complement GC, such as silver-ion HPLC (Ag+-HPLC)
(4–6). The current interest in CLA isomers other than 9c,11t
has been discussed previously (7). The identification of iso-
mers that occur at low levels in natural products often in-
volves highly intensive analytical chemical confirmations and
entails the preparation of 4,4′-dimethyl-2-oxazoline (DMOX)
(3) or other derivatives (8) of the FA, followed by mass spec-
tral analysis and interpretation by a skilled analyst.

Previously, we reported the synthesis and isolation of the
7t,9c-CLA isomer by partial hydrogenation and conjugation
of γ-linolenic acid (GLA, 6c,9c,12c-octadecatrienoic acid)
(9). In that work we isolated only the 7t,9c-CLA isomer for
further study. In the cleanup reported here, Ag+-HPLC using
new and previously reported elution solvents (4–6,10,11), the
isolation of both the 7t,9c- and the 6c,8t-CLA isomers are de-
scribed. In addition, the isolation of the 12c,14t and 13t,15c
isomers obtained by partial hydrogenation and conjugation of
α-linolenic acid (ALA, 9c,12c,15c-octadecatrienoic acid) and
the isolation of 8t,10c from a commercial mixture also are de-
scribed. CLA isomers (9c,11t, 10t,12c, and 11c,13t), were
purchased for this work. In total, eight specific cis/trans-CLA
isomers of known purity were either purchased or isolated
from synthetic mixtures. The purchased and isolated CLA
isomers were then reacted with I2 (12) to form all of the geo-
metric (cis,cis, cis,trans, trans,cis, and trans,trans) isomers.  

EXPERIMENTAL PROCEDURES

Mixtures of previously described CLA FFA (4,5) and FAME, as
well as ALA and GLA, were purchased from Nu-Chek-Prep, Inc.
(Elysian, MN). CLA isomers (9c,11t-18:2, 10t,12c-18:2, 9c,11c-
18:2, 9t,11t-18:2, and 11c,13t-18:2) were obtained as FFA or
FAME from Matreya Inc. (Pleasant Gap, PA). Acetonitrile
(MeCN) and hexane were UV grade. Diethyl ether was anhy-
drous. BF3 in methanol (No. 3-3021) was obtained from Supelco
(Bellefonte, PA), and hydrazine hydrate (No. 10217-52-4) and
ethylene glycol (No. 29,323-7) were obtained from Sigma-
Aldrich (Milwaukee, WI). Glacial acetic acid (No. 9508-00) was
obtained from J.T.Baker (Phillipsburg, NJ). Solvents were glass-
distilled grade. 
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Partial hydrogenation. Partial hydrogenation with hydrazine
was carried out for both GLA and ALA as reported for GLA
(9,13). Thus, 0.5 g of ALA or GLA was stirred with 100 mL
of 10% hydrazine hydrate in methanol for 2.5 h at 45°C. The
solution was diluted with 100 mL H2O and then acidified with
40 mL 6N HCl. Partially hydrogenated FFA were extracted
three times with 50 mL (1:1) diethyl ether/petroleum ether. The
combined extracts were dried over Na2SO4 and concentrated to
dryness with argon. 

Conjugation. FFA were conjugated (14) by adding 75 mL of
6.6% KOH in ethylene glycol and heated under N2 purge for
2 h at 150–160°C. The product was acidified with 6 N HCl,
and FFA were extracted into diethyl ether/petroleum ether
(1:1). Partial hydrogenation was also used to determine the
configuration of the 8t,10c isomer.  

Iodine isomerization. The procedure of Eulitz et al. (12), the
catalytic application of iodine and light, was used to prepare
solutions that contained all the geometric isomers of a partic-
ular positional CLA isomer. A variable quantity of CLA
FAME, 5–20 mg, was dissolved in 2 mL of petroleum ether
in a screw-capped glass test tube. A few drops of an I2 solu-
tion (6 mg I2/100 mL petroleum ether) were added until a
light pink color appeared. The tube was exposed for 30 min
to ambient laboratory light, then shaken for 10 s with 5 mL of
aqueous 0.01 N Na2S2O3 to remove the I2. This step was re-
peated until a transparent solution was obtained. The organic
phase was water-washed and dried over anhydrous Na2SO4
prior to chromatographic analysis.

Methylation. The FFA were methylated in 10% BF3/ metha-
nol (15). Identifications in sample test portions were con-
firmed by GC-FTIR as described previously (16). Derivatives
of DMOX were obtained as described previously (3,17).

Instrumentation. (i) GC-FID. GC was performed by using a
Hewlett- Packard 5890A instrument under the following con-
ditions: capillary column, 100 m × 0.25 mm i.d. CP Sil-88
(Varian Inc., Lake Forest, CA); hydrogen carrier gas (1 mL/
min); helium makeup gas for the FID; temperatures: injector
222°C, detector 280°C, column 75°C for 2 min, then raised
5°C/min to 175°C and held for 33 min, then raised at 5°C/min
to 225°C and held for 8 min. Samples were run in split (20:1)
mode. 

(ii) GC-EI-MS. The GC-EI-MS was performed using a gas
chromatograph (Hewlett-Packard 5890, Series II) coupled to a
mass spectrometer (Autospec Q mass spectrometer) and a data
system (OPUS 4000; Micromass, Manchester, United King-
dom). The GC-EI-MS system utilized version 2.1 BX software.
This system was used with a 50-m CP Sil-88 capillary column
as described previously (3). The GC-EI-MS conditions were as
follows: splitless injection with helium sweep restored 1 min
after injection; injector and transfer line temperatures, 220°C;
oven temperature, 75°C for 1 min after injection, then pro-
grammed at 20°C/min to 185°C, held there for 15 min, then pro-
grammed at 4°C/min to 220°C, and held there for 45 min.

(iii) Analytical HPLC (Ag+-HPLC I). Ag+-HPLC separa-
tion of the CLA FAME was carried out using a Waters 2960
chromatographic system (Waters Associates, Milford, MA)

equipped with a photodiode array detector (Waters 996) oper-
ating between 200 and 300 nm, and a Millenium (Waters)
3.20 chromatography manager. Single chromatograms of
CLA isomers were measured at 233 nm. Three ChromSpher
5 Lipids analytical silver-impregnated Ag+-HPLC columns
(each 4.6 mm i.d. × 250 mm stainless steel; 5 µm particle size;
Varian Inc.) were used in series at room temperature. The
columns were conditioned with 1% MeCN/hexane, then equi-
librated with the elution solvent for 60 min each day before
analysis. The mobile phase, 0.1% acetonitrile and 0.5% di-
ethyl ether in hexane, was prepared fresh daily and introduced
isocratically at a flow rate of 1.0 mL/min. Typical injection
volumes were 5–15 µL (Ag+-HPLC I).

(iv) Semipreparative HPLC (Ag+-HPLC II–IV). A Waters
600E HPLC pump equipped with a Waters 717 autosampler
and a Waters 486 UV detector at 250 nm was used. Fractions
were collected with a Waters Fraction Collector II. A Mille-
nium (Waters) 3.20 chromatography manager was used to
control the system. Different conditions were used to obtain
specific separations: three ChromSpher 5 Lipids analytical
silver ion-impregnated columns in series and a 2% acetic acid
in hexane solution as a mobile phase at 1 mL/min (Ag+-HPLC
II); two ChromSpher 5 Lipids semipreparative Ag+-HPLC
columns (10 mm i.d. × 250 mm stainless steel; 5 µm particle
size; Varian Inc.) in series, mobile phase 2% acetic acid/hexane
at 3 mL/min (Ag+-HPLC III); two ChromSpher 5 Lipids semi-
preparative Ag+-HPLC columns, with a 0.18% MeCN in
hexane mobile phase at 3 mL/min (Ag+-HPLC IV).

RESULTS AND DISCUSSION

The 9c,11t-, 10t,12c-, and 11c,13t-positional CLA isomers
were obtained from commercial sources in sufficient purity
for this work. The 9c,11t-, 10t,12c-, and 11c,13t-CLA FAME
were  isomerized with I2 to obtain the other possible geomet-
ric isomers; their identifications have been reported previ-
ously (12). Several milligrams of the c/t-8,10 FFA isomer that
was  previously identified in Nu-Chek-Prep CLA (4) were
separated from that mixture using Ag+-HPLC II. After partial
hydrogenation, the material was unambiguously identified by
GC comparison with reference materials as the 8t,10c isomer.
After a second purification using Ag+-HPLC II, the 8t,10c
was isolated with a purity greater than 99%. The UV detector
was operated at 250 nm wavelength to avoid saturating the
signal. The isomer was converted to its FAME before GC and
Ag+-HPLC analysis. The separation obtained for 8t,10c by
Ag+-HPLC II trapping is shown in Figure 1, where the peak la-
beled 4 represents the 8t,10c-CLA. Notably, unlike Ag+-HPLC
elution systems that use MeCN as an eluant component, the use
of acetic acid resulted in no significant retention volume drift
during isolation, and several milligrams per day of the CLA iso-
mer could be obtained using an unattended system equipped
with an autosampler and fraction collector. Catalytic isomeriza-
tion with I2 yielded all the other possible geometric isomers (c,t,
t,c, c,c, t,t) of 8,10-CLA, as shown in Figure 2. Figure 2 was ob-
tained using analytical conditions (Ag+-HPLC I). Before isom-
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erization with I2, the 8t,10c was ~99% pure. After isomeriza-
tion, the t,t isomer was predominant (~88%) and each c/t iso-
mer was ~5.5%, with the c,c isomer at ~1%. 

The 6c,8t- and 7t,9c-CLA were synthesized (along with
the 9c,11t- and 10t,12c-CLA) from the partial hydrogenation

and conjugation of GLA, and then purified as indicated in
Figure 3. During the partial hydrogenation procedure, the
double bonds did not shift position nor did they change the
cis/trans geometry of the remaining unsaturated bonds. The
octadecadiene(s) (18:2) that resulted from the partial hydro-
genation of GLA were therefore 6c,9c, 6c,12c, and 9c,12c.
Of these 18:2 isomers, only the 6c,9c and 9c,12c isomers will
conjugate under basic conditions (9). The c/t-18:2 CLA iso-
mers that were formed by conjugating 18:2 from partially hy-
drogenated GLA with KOH/ethylene glycol at 150–160°C
were 6c,8t-, 7t,9c-, 9c,11t-, and 10t,12c-18:2. Stearate, 6c,9c,
12c-18:3, and fully and partially conjugated 18:3 were also pres-
ent as products in the final reaction mixture. The 9c,11t and
10t,12c reference standards were commercially available, and
these compounds were easily identified as reaction products. As
for the isolation process indicated in Figure 3 and the chromato-
gram shown in Figure 4, use of the Ag+-HPLC III system al-
lowed the trapping of two FFA fractions. The first fraction con-
tained the 9c,11t and the 10t,12c isomers, whereas the second
fraction contained the 6c,8t and the 7t,9c isomers. The two semi-
preparative columns were eluted with 2% acetic acid/hexane at
3 mL/min (Ag+-HPLC III). The isolation shown in Figure 4 dif-
fers from that published previously (9) using MeCN with FAME
in that the 6c,8t- and 7t,9c-FFA isomers eluted together and were
sufficiently resolved from the 9c,11t- and 10t,12c-FFA. The
chromatogram shown in Figure 4 was acquired at 245 nm to
avoid overloading the signal while monitoring this separation.
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FIG. 1. Partial Ag+-HPLC chromatogram showing the resolution of peak
4, 8t,10c-CLA, in a Nu-Chek-Prep (Elysian, MN) CLA FFA mixture using
three analytical columns with a 2% acetic acid/hexane mobile phase at 1
mL/min (Ag+-HPLC II). Other isomers are: peaks 1, 11c,13t; 2, 10t,12c; 3,
9c,11t; 5–8, c,c-CLA isomers.

FIG. 2. Partial chromatogram (Ag+-HPLC I) of 8t,10c-CLA FAME before and after isomerization with I2. 



To separate the 6c,8t from the 7t,9c isomer, the mixture of FFA
was first converted to FAME using BF3/methanol (Fig. 3). The
separation was accomplished by trapping the individual FAME
using two semipreparative columns eluted with 0.18%
MeCN/hexane (Ag+-HPLC IV).  This separation is shown in
Figure 5. The separated isomers appeared pure when ana-
lyzed by Ag+-HPLC I at 233 nm, but the presence of cis
monoenes (primarily 6c-18:1) was observed by GC-FID.

The 12c,14t and 13t,15c isomers were obtained by partial
hydrogenation followed by alkali isomerization of the ALA.
The partial hydrogenation and the conjugation of ALA were
carried out in the same manner as described above for GLA.
The reaction product that contained the expected CLA iso-
mers (9c,11t, 10t,12c, 12c,14t, and 13t,15c) was methylated

(BF3/methanol) prior to the isolation of individual isomers.
The isolation scheme for the 12c,14t and 13t,15c is outlined
in Figure 6. In the first step, a fraction containing the 12c,14t
and 13t,15c FAME was trapped using two preparative columns
and a mobile phase, 2% acetic acid/hexane, at a flow rate of 3
mL/min (Ag+-HPLC III). The chromatogram in Figure 7
shows the resolution at 250 nm that was found to be repro-
ducible with minimum retention volume drift. The final sepa-
ration (Fig. 8) of 12c,14t from 13t,15c FAME was obtained
using three analytical columns in series eluted with 2% acetic
acid/hexane to increase the resolution between these isomers
with very similar retention volumes. Once again, the solvent
system without MeCN showed much less retention volume
drift between injections, with little loss of resolution. No other
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FIG. 3. Isolation of 6c,8t and 7t,9c. CLA FFA from GLA after partial hydrazine reduction (PH) and alkali
conjugation (Conj.) was separated (Ag+-HPLC III) into two fractions. The first fraction (1st fr.) contained
the 9c,11t- and 10t,12c-CLA isomers, and the second fraction (2nd fr.) contained the 6c,8t- and 7t,9c-
CLA isomers. The separation of 6c,8t from 7t,9c (Ag+-HPLC IV) was accomplished after conversion to
FAME.

FIG. 4. Partial Ag+-HPLC chromatogram showing the separation of 6c,8t-
and 7t,9c-CLA FFA from 9c,11t- and 10t,12c-CLA FFA (Ag+-HPLC III) using
two semipreparative columns with a 2% acetic acid/hexane mobile phase.  

FIG. 5. Partial Ag+-HPLC chromatogram showing the separation of
FAME of 6c,8t from 7t,9c (Ag+-HPLC IV) using two semipreparative
columns with 0.18% MeCN/hexane, 3 mL/min.  



FAME impurities were detected by GC-FID analysis of the iso-
lated fractions of 12c,14t and 13t,15c isomers.  A summary of
the different Ag+-HPLC isolations described above is presented
in Table 1. All of the CLA isolations were monitored at 250 nm.
Only the analytical analysis was monitored at 233 nm.   

As described above, eight specific cis/trans-CLA FAME
isomers (6c,8t, 7t,c9, 8t,10c, 9c,11t, 10t,12c, 11c,13t, 12c,14t,
and 13t,15c) representing positions 6,8 through 13,15 were
purchased and/or isolated. A portion of each of isomer was
reacted with I2 under laboratory light. After the reaction, the
I2 was destroyed by washing with a solution of sodium thio-
sulfate as described previously (12). This procedure produced
cis/trans isomerization of the positional isomer used but did

not produce new positional isomers. The ratio of cis/trans iso-
mers produced from a given positional isomer was thermody-
namically controlled and were ca. trans,trans (88%), cis,trans
(5.5%), trans,cis (5.5%), and cis,cis (1%). We were able to
identify the retention times (RT) of all 32 cis/trans isomers
from positions 6,8 to 13,15 by injecting the isolated or pur-
chased cis/trans isomers and then by injecting the I2-isomer-
ized mixtures onto the GC. The RT of the non-I2-isomerized
cis/trans isomers were known from the results of the first in-
jections, and the isomers present at the same quantity in the
isomerized mixture were confirmed to be cis/trans in geometric
configuration (FTIR); therefore, they had to be the cis/trans po-
sitional (GC-EI-MS of DMOX) isomers that were complemen-
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FIG. 6. Isolation of 12c,14t- and 13t,15c-CLA. CLA FAME from α-linolenic acid (ALA) after partial hy-
drazine reduction (PH) and alkali conjugation (Conj.) were separated (Ag+-HPLC III) into two fractions.
The first fraction (1st fr.) contained the 9c,11t- and 10t,12c-CLA isomers, and the second fraction (2nd
fr.) contained the 12c,14t- and 13t,15c-CLA isomers. The separation (Ag+-HPLC II) of 12c,14t- from
13t,15c-CLA was also accomplished as their FAME.   

FIG. 7. Partial Ag+-HPLC chromatogram showing the separation of
12c,14t- and 13t,15c-CLA FAME from 9c,11t- and 10t,12c-CLA FAME
(Ag+-HPLC III) using two semipreparative columns with a 2% acetic
acid/hexane mobile phase at 3 mL/min.   

FIG. 8. Partial Ag+-HPLC chromatogram showing the separation of
FAME of 12c,14t- from 13t,15c-CLA FAME (Ag+-HPLC II) using three
analytical columns with a 2% acetic acid/hexane mobile phase, 1 mL/
min.  



tary to the non-I2-isomerized isomers originally injected.  The
isomer in each I2-isomerized mixture that was present in the
highest quantity was confirmed to be the t,t isomer, and the iso-
mer at the lowest quantity was always found to be the c,c iso-
mer. 

The GC relative retention times (RRT) are presented in
Table 2. Data were obtained with a 100-m CP Sil-88 capillary
column using a temperature program similar to those typically
used for FAME analysis, but not optimized specifically for
CLA FAME. The RT for each isomer was adjusted for the sol-
vent front and presented relative to GLA FAME as follows:

RRT/GLA =  (RTisomer – RTsolvent)/(RTGLA FAME – RTsolvent).
With the exception of the 6c,8t isomer, the RT of the c,t CLA
isomers increased as the cis double bonds were located farther
away from the carbonyl moiety of the molecule. The 6c,8t iso-
mer was the exception to this rule because it eluted after the
7c,9t isomer and the two geometric isomers of 6,8 co-eluted. In
the cases where two isomers had the same cis double-bond lo-
cation and differ only in the position of the trans double bond,
the isomer with the trans double bond closer to the carbonyl
moiety eluted first, e.g., 7t,9c eluted before 9c,11t. GC chro-
matograms of each isomerized mixture are shown in Figure 9.
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TABLE 2
GC Relative Retention Times (RRT) for CLA FAME Isomersa

Isomer RRT/GLA Source

7c,9t 1.083 I2 isomerization of 7t,9c
8c,10t 1.085 I2 isomerization of 8t,10c
6c,8t 1.086 Conjugation of partially hydrogenated GLA
6t,8c 1.086 I2 isomerization of 6c,8t
7t,9c 1.091 Conjugation of partially hydrogenated GLA
9c,11t 1.091 Commercially available
8t,10c 1.097 Isolated from commercial reference material
10c,12t 1.104 I2 isomerization of 10t,12c
9t,11c 1.109 I2 isomerization of 9c,11t
11c,13t 1.114 Commercially available
12c,14t 1.118 Conjugation of partially hydrogenated ALA
10t,12c 1.122 Commercially available
6c,8c 1.128 I2 isomerization of 6c,8t
8c,10c 1.131 I2 isomerization of 8t,10c
7c,9c 1.131 I2 isomerization of 7t,9c  
11t,13c 1.136 I2 isomerization of 11c,13t
9c,11c 1.137 I2 isomerization of 9c,11t
10c,12c 1.145 I2 isomerization of 10t,12c
13c,15t 1.147 I2 isomerization of 13t,15c
12t,14c 1.149 I2 isomerization of 12c,14t
11c,13c 1.151 I2 isomerization of 11c,13t
12c,14c 1.159 I2 isomerization of 12c,14t
13t,15c 1.166 Conjugation of partially hydrogenated ALA
13c,15c 1.166 I2 isomerization of 13t,15c
12t,14t 1.171 I2 isomerization of 12c,14t
11t,13t 1.184 I2 isomerization of 11c,13t
13t,15t 1.184 I2 isomerization of 13t,15c
9t,11t 1.191 I2 isomerization of 9c,11t
8t,10t 1.191 I2 isomerization of 8t,10c
10t,12t 1.192 I2 isomerization of 10t,12c
6t,8t 1.192 I2 isomerization of 6c,8t
7t,9t 1.193 I2 isomerization of 7t,9c

aEntries were obtained as follows: (RTisomer – RTsolvent)/(RTGLA FAME – RTsolvent).
GLA, γ-linolenic acid; ALA, α-linolenic acid; RT, retention time.

TABLE 1
Ag+-HPLC Used to Isolate CLA Isomers

Technique Columns Mobile phasea (flow) Chemical form Separation

Ag+-HPLC I Three analytical 0.1% MeCN/0.5% diethyl ether/ FAME General analysis
hexane (1 mL/min)

Ag+-HPLC II Three analytical 2% acetic acid/hexane (1 mL/min) FFA 8t,10c from a commercial mixture
FAME 12c,14t from 13t,15c

Ag+-HPLC III Two semipreparative 2% acetic acid/hexane (3 mL/min) FFA (6c,8t + 7t,9c) from (9c,11t + 10t,12c)
FAME (12c,14t + 13t,15c) from (9c,11t + 10t,12c)

Ag+-HPLC IV Two semipreparative 0.18% MeCN/hexane (3 mL/min) FAME 6c,8t from 7t,9c
aMeCN, acetonitrile.

FIG. 9. Gas chromatograms of all the CLA isomers from 6,8- to 13,15-CLA,
in relative retention time (RRT)/γ-linolenic acid (GLA) scale. After the elu-
tion of GLA FAME, the c,t isomer eluted first, followed by the t,c, c,c, and
t,t isomers. The t,c and c,c isomers co-eluted in the case of the 13,15-posi-
tional CLA isomer. The two c/t 6,8 geometric isomers also co-eluted. The
vertical axis is the response. The horizontal axis is given relative to RRT/
GLA units. 



The x axis in Figure 9 has an RRT scale calculated relative to
GLA FAME. The separation between c,t and t,c isomers in-
creased as the distance of the carbonyl moiety to the double-
bond moiety increased from positions 6,8 to 12,14, where the
separation was maximized. The c,t isomers had a minimum RRT
for the 7,9 isomer and a maximum for the 13,15 isomer. The t,t
isomers had a minimum corresponding to the 12,14 isomer and
a maximum for the 7,9 isomer. The RRT for the t,c and c,c iso-
mers both increased in value, going from the 6,8 through the
13,15 positions, by fitting the second-degree equation with R2
greater than 0.99.

In conclusion, the identities of the synthesized CLA isomers
were confirmed by various combinations of UV spectroscopy,
routes of synthesis, GC-EI-MS of DMOX derivatives (3), GC-
FTIR of FAME (16), partial hydrogenation, and I2 isomeriza-
tion (12). These data were generated to aid in the identification
of CLA isomers in foods, dietary supplements, and biological
samples, and they were used successfully to test a MeCN chem-
ical-ionization GC-MS-MS technique that produced 32 unique
spectra for these 32 synthesized CLA FAME (18). It is of inter-
est that the use of acetic acid/hexane as a mobile phase did not
cause any drift in the elution of CLA and allowed for unattended
fraction collection for several days when operated with an au-
tosampler and a fraction collector. Limitations of this elution
technique are: (i) uncertainty regarding the long-term stability
of silver-ion columns under acetic acid elution, and (ii) inability
to monitor the presence of nonconjugated FA, e.g., monounsatu-
rated FA and esters, using lower-UV wavelengths because of the
UV absorption of acetic acid. 
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Sir:
In a recent study (1) Schmid and coworkers reported the pres-
ence of long-chain N-acylethanolamines (NAE) in various
human tumors and stated that their report was “the first reliable
information on the presence of NAE . . . in human cancer.” In
fact, they claimed that our previous study on this topic (2)
“must be accepted with caution because the internal standards
were added to aqueous homogenates . . . [and] may have been
discarded with the supernatants” (1). In this note we would like
to reassure the authors and the readers that our GC–MS analy-
sis of NAE is instead reliable.

First of all, this lipid extraction procedure has been widely
used to extract NAE from biological materials (see references
cited in 2), and in fact addition of internal standards to aqueous
homogenates before lipid extraction is still a common proce-
dure in laboratories with well-established experience in NAE
analysis (3,4). In essence, Schmid and coworkers suppose that
deuterated anandamide (20:4n-6 NAE; AEAd4), a lipid stan-
dard that we and others used to normalize NAE content (2–4),
“may have been discarded with the [aqueous] supernatants”
(1). This statement does not take into account that we did mea-
sure routinely the recovery of our extraction procedure by fol-
lowing the recovery of AEAd4, yielding values of ~60% (2).
Quantitative data on NAE were always calculated after correc-
tion for this recovery (2), which was determined by comparing
the peak areas of AEAd4 in the samples with the peak areas of
an external calibration curve of AEAd4. Therefore, “consider-
able overestimation of the compounds of interest” (1) due to
loss of the internal standard was not possible. Additionally, in
the process of extracting lipids that innately have a low recov-
ery, we recovered ~2 nmol AEAd4 in the pellet from the sec-
ond centrifugation step (at 11,000 × g) from samples contain-
ing 5 nmol AEAd4, corresponding to a total recovery of ~40%.
Incidentally, ~2.5 nmol AEAd4 (~50% of the initial amount)
was recovered in the pellet from the first centrifugation step (at
800 × g). Even these low figures would not justify differences
of “several orders of magnitude” in NAE quantification (1). In
addition, Schmid and coworkers also disregard that in the same
paper (2) we reported independent experiments where NAE
were extracted from frozen samples, homogenized directly in a
mixture of aqueous buffer and ice-cold methanol/chloroform
containing AEAd4. This method closely resembles that
adopted by Schmid and coworkers (5), as well as by others (6),
to extract NAE from biological specimens and was used as a
further control of our assay. Interestingly, it yielded the same
results as the procedure claimed to be unreliable, mitigating

against possible pitfalls in the extraction procedure. Moreover,
in a recent paper we used our GC–MS method to measure en-
dogenous levels of anandamide in the striatum of healthy and
Parkinsonian rats (7) and found changes superimposable on
those reported by others (6). Also this observation speaks in
favor of the reliability of our procedure, although we are well
aware that discrepancies exist between different studies on the
quantification of anandamide. Reported values in rat brain
range from pmol/g of fresh tissue (8) to nmol/g (2), but in fresh
tissue from rat substantia nigra and globus pallidus (6), from
mouse cortex and hippocampus (9), and from mouse uterus
(10), concentrations are nmol/g. Incidentally, the latter pioneer-
ing study is an elegant investigation by Schmid and coworkers
(10). Although we do not have an explanation for the discrep-
ancies in the literature on NAE quantification, we believe that
we have already ruled out that artificial increases in endo-
cannabinoid level might occur during our sample preparation
and analysis (2,7,9,11). An interesting finding by Schmid and
coworkers is that NAE are present in widely differing amounts
in human tumors, with anandamide ranging from 1.5 to 48%
of total NAE (1). However, no human brain tumors were in-
cluded in the study. Nonetheless, the authors felt confident to
discard as unreliable our data on human meningioma and
glioblastoma (1,12). 

More generally, any effort aimed at improving our under-
standing of the ever-growing field of biologically active NAE
such as anandamide and related “endocannabinoids” should be
appreciated, especially in view of the broad implications of
these novel compounds as central and peripheral modulators
(13–15). Thus, we believe that advancement of knowledge will
benefit from a fair discussion of discrepancies that might be
(and often are!) present in the literature.
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ABSTRACT: Studies on formula-fed infants indicate a benefi-
cial effect of dietary DHA on visual acuity. Cross-sectional
studies have shown an association between breast-milk DHA
levels and visual acuity in breast-fed infants. The objective in
this study was to evaluate the biochemical and functional ef-
fects of fish oil (FO) supplements in lactating mothers. In this
double-blinded randomized trial, Danish mothers with habit-
ual fish intake below the 50th percentile of the Danish National
Birth Cohort were randomized to microencapsulated FO [1.3
g/d long-chain n-3 FA (n-3 LCPUFA)] or olive oil (OO). The in-
tervention started within a week after delivery and lasted 
4 mon. Mothers with habitual high fish intake and their infants
were included as a reference group. Ninety-seven infants com-
pleted the trial (44 OO-group, 53 FO-group) and 47 reference
infants were followed up. The primary outcome measures
were: DHA content of milk samples (0, 2, and 4 mon post-
natal) and of infant red blood cell (RBC) membranes (4 mon
postnatal), and infant visual acuity (measured by swept visual
evoked potential at 2 and 4 mon of age). FO supplementation
gave rise to a threefold increase in the DHA content of the 
4-mon milk samples (P < 0.001). DHA in infant RBC reflected
milk contents (r = 0.564, P < 0.001) and was increased by al-
most 50% (P < 0.001). Infant visual acuity was not significantly
different in the randomized groups but was positively associ-
ated at 4 mon with infant RBC-DHA (P = 0.004, multiple re-
gression). We concluded that maternal FO supplementation
during lactation did not enhance visual acuity of the infants
who completed the intervention. However, the results showed
that infants with higher RBC levels of n-3 LCPUFA had a better
visual acuity at 4 mon of age, suggesting that n-3 LCPUFA may
influence visual maturation.  

Paper no. L9338 in Lipids 39, 195–206 (March 2004).

Membranes of the brain and retina contain uniquely high lev-
els of long-chain PUFA (LCPUFA), especially DHA (22:6n-
3). Formula-fed infants, who do not receive exogenously pre-
formed LCPUFA, have lower levels of DHA in the mem-
branes of the central nervous system (1,2). A meta-analysis
has shown an approximately three-point higher IQ in breast-
fed infants compared to formula-fed infants (3). Furthermore,
studies on formula-fed infants have indicated beneficial ef-
fects of dietary DHA on visual acuity (4–6). 

The DHA level of human milk varies by more than a fac-
tor of 10 among Danish mothers (7). This variation is caused
primarily by differences in maternal fish intake. Intake of fish
or marine oils has an acute effect on the DHA content of
breast milk (8,9). Fish oil (FO) supplementation of the lactat-
ing mother will effectively increase breast-milk DHA levels
(10–13). 

At present there is insufficient scientific evidence to de-
cide whether the variation in DHA level in breast milk has
functional implications for the breast-fed infant. In small
cross-sectional studies, associations between milk or blood
levels of DHA and visual acuity or cognitive abilities in
breast-fed infants have been observed (7,14). However, sup-
plementing lactating mothers with n-3 LCPUFA has, so far,
been shown to have no or only limited functional effects on
infant visual acuity and mental development (15–17). 

The primary aim of the present study was to examine
whether FO supplementation of lactating mothers confers an
advantage in the acuity performance of breast-fed infants
above that provided by the habitual maternal diet. The sec-
ondary aim was to investigate how maternal FO supplemen-
tation influences the n-3 LCPUFA content of breast milk and
how this in turn affects FA composition in infant erythrocytes
(RBC). The relationship between infant RBC n-3 LCPUFA
and visual acuity was also characterized. The study was de-
signed as a double-blind intervention study, randomizing
mothers with habitual fish intakes at levels less than values
for the 50th percentile of the Danish National Birth Cohort
(DNBC) to microencapsulated FO (1.5 g/d of n-3 LCPUFA)
or olive oil (OO), starting in the first week after delivery and
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lasting for 4 mon. A reference group of mothers with a high
habitual fish intake and their infants was also included.

MATERIALS AND METHODS 

Participants. The study protocol was approved by the Scientific-
Ethical Committees for Copenhagen and Frederiksberg (KF
01-300/98), and all participants gave written consent to
participate after the study had been explained to them. 

Participants were selected from among women recruited
for the ongoing DNBC (18). Women were recruited for the
DNBC at the first antenatal visit to the general practitioner. If
they consented to participate, they were interviewed by tele-
phone twice during pregnancy. In the 25th week of gestation
they were mailed a comprehensive self-administered, semi-
quantitative 300-item Food Frequency Questionnaire (FFQ),
which questioned them about their diet for the 4 wk prior to
completion of the questionnaire. An earlier version of the
questionnaire has been validated (19). About 75% of the par-
ticipants returned the questionnaire. The FFQ contained ques-
tions about fish intake for lunch (in Denmark as topping on
bread) and dinner. Using assumptions of portion sizes and the
nutrient content in foods (determined from the Danish Food
tables by The Danish Food Agency, which contained compre-
hensive information on LCPUFA), we estimated consump-
tion of the average daily intake of n-3 LCPUFA in grams
using the program FoodCalc (www.foodcalc.dk). This pro-
vided the basis for a sampling of women with an expected
low and high habitual consumption of n-3 LCPUFA. 

During the December 1998 to November 1999 period,
11,179 women, countrywide, were recruited for DNBC. Only
those pregnant Danish women living in the greater Copen-
hagen area who had a fish intake below the 50th percentile of
the DNBC population (<0.4 g n-3 LCPUFA/d; the distribu-
tion in the DNBC was positively skewed, the 25th percentile
being 0.3 g/d) were eligible to enter the present intervention
trial. Women with a fish intake above the 74th percentile
(>0.8 n-3 LCPUFA/d) were recruited for the reference group
(HF-group). The average fish intake in the two subgroups of
women eligible for the present study (<0.4 and >0.8 g n-3
LCPUFA/d) were 12.3 ± 8.2 and 55.2 ± 26.7 g/d, respectively.
Over a period of 9 mon, 1473 women were invited in nine
rounds (919 and 554 with fish intake <50th percentile and
>74th percentile, respectively). Of these, 273 women re-
sponded to the invitation, of which 211 fit the other inclusion
criteria and were recruited in their 8th month of gestation
(147 and 64 with fish intake <50th and >74th percentile, re-
spectively). Based on the previously observed association
between milk DHA levels and infant visual acuity (7), the ex-
pected change in milk DHA in this intervention should result
in a difference in visual acuity at 4 mon of 0.07 times the log-
arithm of the minimal angle of resolution (logMAR) (equiva-
lent to 0.75 SD). We calculated that we needed 40 infants in
each group in order to detect a difference of 0.75 SD in visual
acuity (power = 80%, level of significance = 0.05). To allow
for exclusions of infants not meeting our inclusion criteria

and for dropouts of participants, our aim was to recruit 60 in-
fants for each of the intervention groups.

The other inclusion criteria were that the recruited women
had to have an uncomplicated pregnancy, prepregnancy body
mass index (BMI) < 30 kg/m2, and an absence of metabolic
disorders. In addition, the participants were included in the
study only if they, at the time of recruiting, had the intention
to breast-feed for at least 4 mon. The newborns had to be
healthy (no admission to a neonatal department), term (37–43
wks of gestation), singleton infants with normal weight for
gestation (20) and have an Apgar score >7 at 5 min after de-
livery. Furthermore, we required that they be started on the
supplements within 2 wks after birth. None of the recruited
women took any types of oil supplements besides the ones
given in the study. The participants were not given any di-
etary instructions. One hundred twenty-two and 53 women in
the low- and high-fish-intake groups, respectively, fulfilled
these criteria (see flow diagram of trial in Fig. 1 and charac-
teristics of the participants in Table 1).

After birth, the women with fish intakes below the 50th
percentile were randomly assigned to a supplementation
group by a randomization schedule prepared by a person un-
involved in the study. Random block-wise allocation to the
supplement groups was applied in blocks of two in five strata
according to mean parental education (grouped in five cate-
gories according to the Official Danish Classification of Edu-
cations from 1994). Sixty-two and 60 women were allocated
to the experimental group (FO group) and the control group
(OO group), respectively. Investigators and families were
blinded to the randomization until all data had been analyzed. 

Supplements. For the first 4 mon of lactation, the experi-
mental group was given 17 g/d of deodorized microencapsu-
lated FO powder, containing 4.5 g of FO and 1.5 g of n-3
LCPUFA. The supplement dose aimed at making the total 
n-3 LCPUFA intake in the experimental group equivalent to
the habitual intake of the women in the population with the
highest fish intake (above the 90th percentile). The control
group was given a similar amount of microencapsulated OO.
To supply individual n-3 LCPUFA in relative amounts simi-
lar to the average Danish fish consumption, we used a 1:2
mixture of two different oils: a standard FO and a tuna oil
with a low content of EPA (20:5n-3) (Dry n-3™ 18:12 and
Dry n-3™ 5:25, respectively, from BASF Health and Nutri-
tion A/S, Ballerup, Denmark) (see Table 2). The supplied FO
and OO were microencapsulated and added to müsli bars (pro-
duced by Halo Foods Ltd., Tywyn Gwynedd, Wales, United
Kingdom). The participants were instructed to consume two
35-g müsli bars daily, which supplied altogether 285 kcal and
the intended doses oil. During the study period we ran out of
bars and had to give the supplements in homemade cookies or
as capsules; these alternatives were also offered if any of the
women disliked the müsli bars. The homemade cookies were
made at the department by kitchen personnel not otherwise in-
volved in the study and contained the exact same amounts of
microencapsulated oils as the müsli bars. Thus, with respect to
formulation as well as blinding of mothers and investigators,
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cookies were similar to bars. For an approximately similar
supplementation with capsules, the control group was given
four 1000-mg OO capsules, and the experimental group was

given six 500-mg low-EPA FO capsules plus one 1000-mg
standard FO capsule (all capsules were a gift from
Lupe/ProNova Biocare, Lysaker, Norway). Owing to the non-
identical appearance of the capsules for the two groups, a per-
son who was not otherwise involved in the project handled
the capsules in order to avoid breaking the blinding of the in-
vestigators. The distribution of müsli bars, cookies, and
capsules among participants in the FO and OO groups was
identical. Only 10% of the women got their entire supplemen-
tation as capsules, whereas 60% of the women only had müsli
bars or cookies. The lower oil content in the capsules was
taken into account in the calculation of overall supplement
compliance. The overall self-reported compliance in both
groups was on average 88% of the allocated number of müsli
bars (SD = 9%, n = 99) during the entire 4 mon supplementa-
tion period.

Protocol. At the pre-enrollment visit (in week 36.4 ± 1.5
of gestation, 4.0 ± 1.9 wk before birth, n = 175), demographic
and social information was collected, including parental
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TABLE 1
Characteristics of Study Infants and Parentsa

Olive oil Fish oil 
supplement supplement High fish 

Included subjects (n) 60 62 53  
Gender (n, male/female) 28:32 37:25 26:27  
Cesarian deliveries (%) 10.0 9.7 5.7  
Gestational age (wk) 40.1 ± 1.2 40.1 ± 1.1 40.2 ± 1.2  
Birth weight (kg) 3.56 ± 0.41 3.60 ± 0.45 3.65 ± 0.44  
Birth length (cm)b 52 ± 2 52 ± 2 53 ± 2  
Head circumference at 1 wk (cm) 35.7 ± 1.5 36.1 ± 1.3 36.2 ± 1.6  
Apgar score at 5 minb 9.9 ± 0.5 9.9 ± 0.3 10.0 ± 0.1  
Siblings (n)b 0.6 ± 0.8 0.5 ± 0.7 0.7 ± 0.7  
Maternal age (yr) 30.2 ± 4.1 29.6 ± 4.3a 31.9 ± 4.1  
Maternal height (m)b 1.69 ± 0.06 1.67 ± 0.05b,d 1.71 ± 0.06  
Pregravida BMI (kg/m2)b 22.5 ± 2.7 22.5 ± 2.8 22.4 ± 3.0  
Weight increase during pregnancy (kg)c 13.7 ± 5.1 13.4 ± 5.0 13.2 ± 4.0  
Maternal smokers (%)  6.7 11.3 15.1  
Maternal education scoreb,d 5.4 ± 1.2 5.3 ± 1.2 5.4 ± 1.3  
Paternal height (m)b 1.80 ± 0.08b 1.82 ± 0.08 1.84 ± 0.06  
Paternal smokers (%) 21.7 32.2 35.8  
Paternal education scoreb,d 5.3 ± 1.3 5.3 ± 1.2 5.3 ± 1.6  
Habitual n-6 PUFA intake (g/d)b 9.0 ± 3.3c 9.1 ± 3.6c 11.2 ± 3.8  
Habitual n-3 LCPUFA intake (g/d)b 0.3 ± 0.3c 0.3 ± 0.3c 1.1 ± 0.6  

Subjects completing 4 mon (n) 47 53 50  
n-3 LCPUFA intake in lactation (g/d)b 0.3 ± 0.2c 1.5 ± 0.3c,f 0.9 ± 0.4f

Compliance (% taken of intended dose) 87 ± 9 88 ± 9 —  
Exclusively breast-fed at 4 mon (%) 74.5 62.3 78.0  
Estimated breast-milk intake during the 

4 mon (% of total intake)b,e 93 ± 19 86 ± 28 93 ± 20  
Infants breast-fed <50% (%) 6.4 17.0 6.0 

aData given as mean ± SD.
bStatistical comparison by nonparametric tests (Kruskal–Wallis and Mann–Whitney U-test). Nominal data tested with χ2-test and all
other data (not indicated by b) are compared by ANOVA and Bonferroni post hoc test. Superscript letters indicate the level of signifi-
cance for statistical comparisons with the high fish group: a, P < 0.05; b, P < 0.01; or c, P < 0.001, or the OO-group: d, P < 0.05; e, 
P < 0.01; or f, P < 0.001.
cGestational week 36.4 ± 1.54.
dEducational scores according to the Official Danish Classification of Educations from 1994. Highest rank (7) is equivalent to >18 yr
of education, (6) 17–18 yr, (5) 15–16 yr, (4) 13–14 yr, (3) 11–12 yrs, (2) 10 yr, and (1) <10 yr of education.
eEstimated breast-milk intake as a percentage of total dietary intake assessed by their intake of infant formula and solid foods. BMI,
body mass index; LCPUFA, long-chain PUFA; OO, olive oil.

TABLE 2
FA Compositiona of Microencapsulated Oils Used for the 
Intervention

Olive oil Fish oil  

Total SFA 13.6 30.2  
Total MUFA 70.9 21.4  

18:2n-6 7.4 1.3  
20:4n-6 — 1.7  

Total n-6 PUFA 7.4 4.0  
18:3n-3 0.6 0.5  
20:5n-3 — 10.0  
22:5n-3 — 1.7  
22:6n-3 — 22.8  

Total n-3 PUFA 0.6 38.3  
aFA values are based on GC analysis and  are expressed as a percentage of
total FA. SFA, saturated FA; MUFA, monounsaturated FA.



education and a 10-mL blood sample for baseline analysis of
the RBC FA composition. Within a week following the birth,
the parents forwarded to us information about the delivery.
Shortly thereafter, we visited the mothers in their homes [(9 ±
3 d after birth (n = 175)], gave them the supplements for the
first two months of the intervention period (supplements for
the last two months were dispensed at the 2-mon visit), mea-
sured the head circumference of the infant, and collected a
breast-milk sample for baseline analysis of the milk FA com-
position. 

Mothers and infants were assessed at 2 and 4 mon of age at
the Research Department of Human Nutrition. At each assess-
ment the infant was weighed and its length was measured. The
mother delivered a breast-milk sample and was interviewed
about her fish intake the previous day and for the past month.
Fish intake during the intervention period was assessed with a
fish frequency questionnaire similar to that used in the DNBC,
and intake of n-3 LCPUFA was estimated in the same way as
in the DNBC. The visual acuity of the infant was measured by
swept visual evoked potential (SWEEP-VEP).

One hundred infant-mother pairs completed the first 
4 mon of the intervention trial, and 50 mother-infant pairs
from the HF-group were followed up at 4 mon (see Fig. 1).
One hundred seven mothers complied with the criterion for
exclusive breast-feeding for 4 mon. However, mothers who
did not fulfill this criterion were not excluded from the trial
or the analysis. Complementary food was introduced in the
diet of five of the infants between 3 and 4 mon of age (mean
age for complementary food introduction in the entire group
of infants was 4.8 ± 1.0 mon). For infants not exclusively
breast-fed at the end of the intervention, we estimated to
what extent breast-milk covered their energy needs from the
amount of formula and complementary food ingested. Thus,
for 16 infants, breast-milk covered >90% of the intake,
75–90% for 9 infants, 50–75% for 3 infants, and 15 infants
were estimated to be breast-fed <50%. Most of the infants
who were breast-fed less than 50% during the 4-mon period
were from the FO-group (nine vs. three from both the OO-
and HF-group). The degree of breast-feeding was taken into
account in the analysis of the outcome. The FA composition
of RBC in infants breast-fed <50% is given separately, and
visual acuity was analyzed as both intention-to-treat and for
the mainly breast-fed alone. At the time of the study there
were no LCPUFA-containing infant formulas on the Danish
market, and the three most-used formulas had an n-6/n-3 FA
ratio of approximately 10.

The mothers were asked to collect milk samples immediately
after nursing their baby during the afternoon on the day before
the visit at 1 wk and 2 and 4 mon. Milk samples (2–5 mL) were
stored in the home at 5°C until they were collected no later
than 30 h after expression [previous results had shown that
this does not affect the FA composition of the breast-milk
as compared to that in immediately frozen samples (Lau-
ritzen, L., unpublished data)]. To 2-mL aliquots of the milk
samples were then added 2 drops of 0.01% BHT from
Sigma (St. Louis, MO), and aliquots were frozen at –80°C.

All milk samples were analyzed within 1 yr after they had
been taken. 

From 4-mon-old infants, we collected a 500-µL blood sam-
ple by heel-prick, and from their mothers a 10-mL blood sample
by venipuncture. All blood samples were collected in ice-cold
EDTA-conditioned tubes. Immediately after sampling, RBC
were separated from plasma and leukocytes and washed thrice
in physiological saline. The isolated packed RBC were reconsti-
tuted 1:1 in physiological saline with 1 mM EDTA and 0.005%
BHT and kept at –80°C until they were analyzed (maximum
storage time was 8 mon). 

FA analysis. Lipids from 1-mL aliquots of the milk samples
were extracted according to Bligh and Dyer (21). Samples of
150 and 500 µL, respectively, of infant and maternal reconsti-
tuted RBC were hemolyzed in redistilled water, and the lipids
were extracted by the Folch procedure (22). The extracted RBC
lipids were methylated with BF3 in methanolic NaOH, and
milk lipids were methylated with KOH in methanol (23). The
resulting FAME were extracted with heptane. 

FAME from milk as well as from RBC were separated by 
G-LC on an HP-6890 Series II chromatograph (Hewlett-
Packard Inc., Waldbronn, Germany) equipped with an FID and
SP2380 capillary columns (30 and 60 m, respectively; i.d. 0.32
and 0.25 mm, respectively; and film thickness 0.2 µm; Supelco
Inc., Bellefonte, PA). The milk FAME were injected using split
mode (1:49) at 250°C. Initially, the oven temperature was set to
80°C for 3 min and then increased in three steps—to 110°C at
30°C/min, to 208°C at 3°C/min, and to 240°C at 50°C/min—
and finally held at 240°C for 10 min before cool-down and in-
jection of a new sample (total run time 46 min). Helium was
used as carrier gas at a constant flow of 2 mL/min (pressure 10.7
psi, velocity 35 cm/s). All peaks from lauric acid (12:0) to DHA,
except that of BHT, were integrated. RBC FAME-injections
were run in split mode with a split ratio of 1:11. Injector and de-
tector temperatures were 270°C. Initial oven temperature was
70°C for 0.5 min, and temperature programming was as fol-
lows: 15°C/min to 160°C, 1.5°C/min to 200°C, which was main-
tained for 15 min followed by a rate of 30°C/min to 225°C,
which was maintained for 10 min. The carrier gas was helium
at a constant flow of 1.2 mL/min (pressure was 25.0 psi). 

The FAME peaks of the resulting chromatograms were tenta-
tively identified from retention times of commercial standards
(Nu-Chek-Prep Inc., Elysian, MN) as previously described (8).
More than 97 and 99% of the chromatogram areas were identi-
fied in the milk- and RBC-FAME analyses, respectively. The FA
composition of all samples was determined in duplicate, and in
series of 8–18 samples. Each series contained a blank and a ref-
erence sample. The whole series was rejected if major FA in the
reference sample deviated by more than 2 SD from the previ-
ously established mean values. The individual sample was re-
analyzed if the relative difference (difference/mean) of major FA
in the duplicates was appreciably increased relative to the typical
deviation for that particular FA. The interassay variation (CV%)
for DHA in milk and RBC was around 5%. The relative amounts
of identified FA are given as a percentage of the overall identi-
fied FAME area (FA%). 
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Blood samples were obtained from 147 infants. Eighteen
of the infant RBC samples were partly coagulated and thus
excluded. An additional eight infant RBC samples had a
higher relative content of saturated FA (SFA) and monoun-
saturated FA (MUFA) and a lower content of PUFA (n-6 and 
n-3 FA) than in the coagulated samples. All these samples de-
viated in SFA, MUFA, and PUFA content with >2 SD from
the mean of all uncoagulated samples, being on average 58 ±
3, 27 ± 1, and 15 ± 4 (13 ± 3 n-6 PUFA and 1.9 ± 0.9 n-3
PUFA) FA%, respectively. These samples were also ex-
cluded, leaving 121 (81%) infants with successful determina-
tions of RBC FA composition. Unfortunately, infants with ex-
cluded, coagulated, and missing RBC samples were not bal-
anced between the groups, and the RBC FA analyses resulted
in fewer successful determinations in the FO-group (74 vs.
83 and 86% in the OO-group and HF-group, respectively).  

SWEEP-VEP visual acuity determination. Binocular vi-
sual acuity was assessed by SWEEP-VEP using the NuDiva
system (24) equipped with an M2400 high-resolution mono-
chrome monitor (Dotronix, Eau Claire, WI). Infants sitting
on their parent’s lap were presented with vertical sine-wave
gratings at 80% contrast at a mean luminance of 47.6 cd. The
gratings were contrast-reversed at a rate of 6.0 Hz, and the
spatial frequency of the gratings was increased in 10 linear
steps during the 10-s trial. Viewing distance and range of spa-
tial frequencies depended on the age of the subject (for two
1-mon-olds it was 70 cm and 1.70–0.47 times the logMAR;
for 4-mon-olds, 100 cm and 1.48–0.27 logMAR) (25). The
infant’s attention was attracted to the screen by small toys or
bells, and trials were interrupted if the infant’s gaze moved
off the stimuli. Visual evoked potentials (VEP) were recorded
with gold EEG electrodes attached to the scalp at five record-
ing points (26). The EEG was amplified (gain 10.000–20.000)
and Fourier-transformed to isolate the VEP. Visual acuity was
estimated by extrapolating the VEP amplitude at 12 Hz vs. 
spatial frequency to zero amplitude (27). The signals from the
individual trials and averages for each of the five channels
were scored automatically by the NuDiva system (27) and
checked manually for errors by one trained observer. 

We aimed at five trials per session (more if the first five tri-
als did not give 10 successful extrapolations), but in a few
cases it was not possible to reach these predefined goals while
the infant was attentive. The interassay variation of the
SWEEP-VEP assessment of infant visual acuity is 23% (25).
Visual acuity is given as the average of all obtained thresh-
olds expressed as logMAR (the lower the logMAR, the better
the acuity).

Statistical analysis. Nominal data were compared by χ2-
test for homogeneity. For other types of data, statistical group
comparisons were performed with one-way ANOVA and a
Bonferroni post hoc test or linear regression analysis and
Pearson’s correlation unless otherwise stated. Alternatively,
nonparametric statistics (Kruskall–Wallis test, Mann–
Whitney U-test, and Kendall’s τ correlation) were applied if
data did not agree with a Gaussian distribution (tested by the 
Kolmogorov–Smirnov test) with equal variances (Levene’s

test) or if data were in ordinal scale. Parametric statistical
methods were used for results on visual acuity and RBC FA
composition, whereas nonparametric tests had to be applied
for most of the milk FA. All multiple linear regression analy-
ses (milk-DHA vs. maternal n-3 LCPUFA intake, infant
RBC-DHA vs. milk-DHA or maternal n-3 LCPUFA intake,
and visual acuity vs. infant RBC-DHA or maternal n-3 LC-
PUFA intake) were performed as parametric analyses with ini-
tial inclusion of the explanatory factors maternal BMI, smok-
ing, parity, and infant gestational age. If not significant, these
factors were subsequently dropped from the model.

All statistical analyses were performed by SPSS (version
10.0, SPSS Inc., Chicago, IL). Quantitative results from sep-
arate groups are generally summarized as a mean ± SD. 

RESULTS 

The self-reported compliance in the two randomized groups
was comparable, as were most of the subject characteristics
(Table 1). The intervention resulted in an increase in the esti-
mated total intake of n-3 LCPUFA in the FO-group from 0.3
to 1.5 g/d, equivalent to the highest habitual intakes in the
population. Fish intake (expressed as intake of n-3 LCPUFA)
in the OO-group remained low during lactation.

FA composition of breast milk. The DHA concentration
of a milk sample taken 1 wk after delivery before the start
of the intervention was associated with the estimated ha-
bitual n-3 LCPUFA intake (from fish) of the mother (r =
0.314, P < 0.001, n = 171). The DHA content of milk from
women with high fish intake was on average 1.4 times as
high as in the milk of those with the lower fish consump-
tion (Table 3). 

The FO intervention increased the relative content of DHA
in the breast-milk at 2 and 4 mon of lactation (Table 3). The
contents of all other n-3 LCPUFA also were increased in the
milk of the FO-group, and the overall ratio of n-6 to n-3 FA
was approximately 30% lower than that in the OO-group. The
content of n-3 FA in the FO-group was similar regardless of
supplement form (bars, cookies, or capsules; data not shown).
The relative content of individual n-6 FA, including arachi-
donic acid, in the breast milk from the FO-supplemented
women was not significantly lower than in the OO-group. The
relatively higher content of n-3 LCPUFA corresponded to a
relatively lower content of MUFA, primarily oleic acid. Over-
all, the differences in the milk FA composition between the
FO- and OO-groups reflected the differences in FA composi-
tion of the supplements (Table 2). Mead acid (20:3n-9) was
not detected in most of the milk, but very low levels (<0.05
FA%) were observed in 2% of the samples. Docosapentaenoic
acid of the n-6 family (22:5n-6) was found in approximately
half of the samples (47%) with a mean levels of 0.05 ± 0.05
FA%, more often in the FO-group than in the OO-group (data
not shown).  

The DHA concentration of a breast-milk sample after 
4 mon of lactation also was associated with the estimated
maternal intake of n-3 LCPUFA from the diet and the 
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FO-supplement (Kendall’s τ; r = 0.556, P < 0.001, n = 138).
The n-3 LCPUFA intake from the FO supplement, the esti-
mated mean fish intake during lactation, and the estimated in-
take of fish within 24 h of milk sampling (all in g/d) were the
only factors that were significantly associated with the DHA
concentration in the milk sample (dependent variable log-
transformed to approximate a Gaussian distribution, all with
P-values of, at the most, 0.001). Maternal BMI, smoking, par-
ity, and infant gestational age also were included in the analy-
sis, but all were excluded in an automated backward multiple
regression analysis, leaving only the estimated n-3 LCPUFA
intake factors as significant determinants [with regression co-
efficients (b) of 0.38 ± 0.03, 0.25 ± 0.04, and 0.09 ± 0.02 per
gram of n-3 LCPUFA from the FO supplement, habitual fish
intake, and acute fish intake, respectively]. The model that in-
cluded only these three significant factors explained 59% of
the overall variance. In the FO-group, maternal BMI had a
significant negative effect on the DHA level in milk after con-
trol for compliance (data not shown).

Acute influence from dietary n-3 LCPUFA accounted for
some of the difference in the DHA content of milk at 2 and 
4 mon of lactation between the FO- and HF-groups (Table 3).
All milk samples in the FO-group were acutely affected by
dietary n-3 LCPUFA as a result of the daily supplements. The
DHA content of milk in the HF-group was 1.2 ± 0.4 FA% 
(n = 6) if the mother had eaten >1 g n-3 LCPUFA within 24 h
before milk sampling. 

FA composition of infant RBC. The FO-intervention exerted
a pronounced effect on the FA composition of RBC of the
mainly breast-fed infants at 4 mon (Table 4), and the levels of
all n-3 FA were similar in all FO-supplement subgroups. The
relative content of DHA in RBC membranes in the FO-group
compared with the control group equaled an increase of almost
50%. In the FO-group, RBC-DHA and total n-3 PUFA were also
significantly higher than in the HF-group. The ratio of n-6 to n-3
PUFA in RBC from infants in the FO-group was lower than that
in the OO-groups, not only because of a high content of n-3
PUFA but also because of a low relative content of arachidonic
acid and other n-6 LCPUFA. The differences in RBC FA compo-
sition between the FO- and OO-groups did not reflect the differ-
ences in supplement FA compositions to the same extent as the
milk. The n-3 FA content in RBC of infants with an estimated low
degree of breast-feeding (<50% of total intake) was significantly
lower than that of the other infants, and the level of 20:3n-9 and
the 22:5n-6/22:6n-3 and n-6/n-3 PUFA ratios were significantly
higher (data not shown). The difference is probably attenuated by
the fact that the majority of these infants were from the FO-group
(6 out of 7). RBC levels of 20:3n-9 in infants in the FO-group were
significantly higher than those in the OO-group when infants
breast-fed <50% were excluded from the analysis. 

Maternal RBC-DHA was 8.9 ± 1.3 FA% in the FO-group
compared with 5.5 ± 1.0 FA% in the control group (t = –14.656,
P < 0.001, n = 98). There was a strong association between ma-
ternal and infant RBC-DHA levels at 4 mon given that the de-
gree of breast-feeding was >50% (r(0,0) = 0.961 ± 1.550, 
P < 0.001, n = 113). The DHA content of infant RBC was also
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associated with the DHA content of breast milk (Kendall’s τ, 
r = 0.416, P < 0.001, n = 115), as well as with the estimated ma-
ternal n-3 LCPUFA intake during lactation (Kendall’s τ, 
r = 0.550, P < 0.001, n = 138). The association between
breast-milk DHA and DHA in infant RBC seemed to follow a
saturation curve. Linear regression analysis between the log-
transformed DHA concentration of the milk and infant RBC-
DHA showed that infant DHA intake as assessed by a single
milk sample alone explained approximately 30% of the varia-
tion in infant RBC-DHA (Fig. 2). However, more variation was

accounted for in a multiple regression analysis with the DHA
level of infant RBC vs. the two factors that contribute to the ma-
ternal n-3 LCPUFA intake during lactation, that from fish (b =
1.64 ± 0.33 per g/d, P < 0.001), and that from the FO-supple-
ment (b = 2.99 ± 0.33 in FO relative to OO, P < 0.001), and the
extent to which it was transferred to the infant via breast milk
expressed as the degree of breast-feeding (b = 0.06 ± 0.01 per
% increase in estimated breast milk intake, P < 0.001). These
factors explained 46% of the variation. 

Visual acuity of the infants. SWEEP-VEP acuity was
determined successfully in 85 and 98% of the 2- and 4-mon-
old infants, respectively. Infants with successful SWEEP-VEP
acuity determinations were given an average of 5.9 ± 1.9
and 4.8 ± 1.4 trials at the 2- and 4-mon assessment, respec-
tively, which resulted in an average of 12.4 ± 6.8 and 18.1 ±
6.6 scores per session (n = 133 and 147), respectively. There
was no effect of FO supplementation on visual acuity of the
infants at either 2 and 4 mon of age, neither in the intention-
to-treat analysis of all infants, those who successfully
completed both SWEEP-VEP examinations (Table 5), nor
in infants breast-fed more than 50% (data not shown). Fur-
thermore, there was no significant difference between
groups in the increase in visual acuity from 2 to 4 mon (data
not shown). 
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TABLE 5
Visual Acuity of the Infants at 2 and 4 mon of Agea

OO FO High fish  

VEP at 2 mon
Exact age (wk) 8.27 ± 0.46 8.18 ± 0.48 8.32 ± 0.47  
n attempted 

recorded 50 48 49  
n with no 

implemented trialsb 1 4 0  
n with no 

extrapolationsc 3 6 4  
n successful 46 42 45     

Hereof with 
4 mon VEPd 40 41 45  

Mean acuity 0.84 ± 0.08 0.84 ± 0.09 0.82 ± 0.08  
VEP at 4 mon

Exact age (wk) 17.21 ± 0.50 17.09 ± 0.49 17.35 ± 0.66  
n attempted 

recorded 46 52 50  
n with no 

implemented trialsb 1 0 0  
n with no 

extrapolationsc 0 0 0  
n successful 45 52 50     
Hereof with 

2 mon VEPd 40 41 45  
Mean acuity 0.64 ± 0.09 0.62 ± 0.08 0.63 ± 0.09  

aVisual acuity was measured by swept visual evoked potential. Individual vi-
sual acuities were calculated as the mean of all obtained estimates of visual
acuity. Data are based on an intention-to-treat analysis including those who
were not exclusively breast-fed. The mean visual acuity in each of the supple-
ment groups is expressed as the logarithim of the minimal angle of resolution
and given as mean ± SD. None of the values was significantly different from
one another.
bToo much noise to complete the 10-s trials.
cSignal-to-noise ratio too low to make significant extrapolations to threshold.
For abbreviations see Table 3.
dMean activities at 2 and 4 mon are given only for infants with successful VEP
determinations at both ages.

FIG. 2. Association between DHA in infant RBC and a breast-milk sam-
ple at 4 mon of age. Symbols indicate whether the mother was supple-
mented with fish oil (●) or olive oil (●●) during the 4 mon of lactation or
whether she had a habitual high intake of fish (u). The linear regression
line is drawn in the plot with 95% confidence intervals. All data were
included in the figure. For abbreviation see Figure 1.

TABLE 4 
FA Composition of Infant Erythrocytes at 4 mon of Age in the FO- and
OO-Supplemented Groups and the Reference Groupa (high fish) 

OO FO High fish  

n 39 39 43  
Total SFA 42.07 ± 2.79 41.99 ± 2.03 43.02 ± 3.03  
Total MUFA 17.67 ± 2.18 17.16 ± 2.15 17.33 ± 1.85  
Total PUFA 39.54 ± 4.76 40.19 ± 3.46 38.93 ± 4.59  

20:3n-9 0.07 ± 0.06 0.05 ± 0.06 0.06 ± 0.06  
18:2n-6 8.55 ± 0.85 8.43 ± 1.10 8.11 ± 0.89  
20:3n-6 1.92 ± 0.36 1.73 ± 0.32 1.81 ± 0.33  
20:4n-6 16.18 ± 2.38 14.86 ± 1.67d 15.40 ± 2.20   
22:4n-6 2.92 ± 0.59c 2.30 ± 0.45f 2.45 ± 0.53   
22:5n-6 0.60 ± 0.19c 0.52 ± 0.10a,d 0.42 ± 0.14   

Total n-6 PUFA 30.49 ± 3.01b 28.17 ± 2.16e 28.51 ± 3.07   
20:5n-3 0.54 ± 0.24b 1.21 ± 0.58b,f 0.88 ± 0.37   
22:5n-3 2.06 ± 0.49 1.96 ± 0.36 2.04 ± 0.40  
22:6n-3 6.29 ± 1.71a 8.72 ± 2.40b,f 7.33 ± 1.55  

Total n-3 PUFA 8.98 ± 2.31a 11.97 ± 3.03a,f 10.36 ± 2.14  
n-6/n-3 3.64 ± 1.02b 2.65 ± 1.31f 2.86 ± 0.58   
22:5n-6/22:6n-3 0.10 ± 0.04b 0.07 ± 0.06c,f 0.06 ± 0.02  
aIndividual FA are given as a percentage of total FA in erythrocyte mem-
branes. Data are given as mean ± SD. Superscript letters indicate the level of
significance for statistical comparisons with the high fish group: a, P < 0.05;
b, P < 0.01; or c, P < 0.001, or the OO-group: d, P < 0.05; e, P < 0.01; or f,
P < 0.001.



We measured a clear improvement in visual acuity with age
in all groups (Table 5). At the individual level, there was only a
weak tendency toward tracking in visual acuity between the two
examinations [i.e., infants with a high (or low) visual acuity at 
2 mon tended also to have a high (or low) value at 4 mon,
Kendall’s τ, r = 0.11, P = 0.14, n = 81]. Furthermore, there was
no detectable association between visual acuity and the exact
age at testing (at 4 mon Kendall’s τ, r = –0.05, P = 0.51, n = 97).
Maternal prepregnancy BMI was positively associated with in-
fant visual acuity (at 4 mon Kendall’s τ, r = –0.15, P = 0.03, 
n = 97). The degree of breast-feeding was also associated with
infant visual acuity at 4 mon of age (inverse to the expected, and
based on a limited number of infants breast-fed <50%) (Kendall’s τ,
r = 0.15, P = 0.04, n = 97). There was no significant association
between visual acuity at 2 or 4 mon and maternal smoking
habits, level of education, gestational age, birth weight, head
circumference, number of siblings, or gender in this homogene-
ous group of breast-fed infants. Visual acuity was not univari-
ately associated with the estimated maternal n-3 LCPUFA
intake (neither habitual intake from fish, total intake, nor FO
supplementation) or with the DHA concentration of breast milk
(data not shown). Also, there was no univariate association be-
tween infant visual acuity at any age and maternal or infant
RBC-DHA at 4 mon (Kendall’s τ, r = –0.09, P = 0.20, n = 145
and r = –0.12, P = 0.06, n = 119, respectively, at 4 mon). 

Figure 3 shows a plot of bivariate association between in-
fant visual acuity at 4 mon of age and infant RBC-DHA at 
4 mon. There was no association between these parameters in
the randomized part of the study. In the OO-group there was
a near-significant association between visual acuity and in-
fant RBC levels of DHA (r = –0.309, P = 0.059, n = 38).
There was no detectable association in the FO-group, which
in that respect was similar to the reference group (Fig. 3).
However, five of the infants (from the FO- and HF-groups)
had visual acuities below that of the average 2-mon-old in-
fants, possibly being erroneous determinations (although we
lacked clear exclusion criteria). 

The association between infant RBC-DHA and visual acu-
ity was explored by a multiple regression analysis. The degree
of breast-feeding was included as a confounding factor in this
analysis because it was associated with infant RBC-DHA and
has also in previous studies been shown to influence visual
acuity (5). Maternal prepregnancy BMI, parity, gestational
age, and gender were included as potential confounding fac-
tors in the analysis; all but gestational age and parity were
excluded in the final model as they did not reach statistical sig-
nificance in the model. The latter three factors were included
because they affected most aspects of infant development: Ma-
ternal BMI was significantly associated with visual acuity and
breast-milk DHA in the FO-group; gestational age and parity
could also in theory influence DHA levels in breast milk and
infant RBC; and the sex was unequally distributed between
the two randomized groups. This multiple regression analysis
showed that infant RBC-DHA was a major determinant of vi-
sual acuity in the randomized groups (Table 6). A similar mul-
tiple regression analysis was performed with maternal n-3

LCPUFA intake divided in an FO-part and a habitual part, but
neither of these was significantly associated with infant visual
acuity (data not shown). Simultaneous inclusion of infant
RBC-DHA and a group variable (FO vs. OO) in the multiple
analyses showed no significant effect of the FO supplement. 

DISCUSSION

Biochemical outcomes. The FO supplement had a pronounced
effect on the DHA content of breast milk, as previously
shown (10–13). The effect of FO appeared to be larger (per
g) than that caused by the habitual and acute intake of fish.
However, this does not necessarily translate into n-3 LCPUFA
in FO being more biologically effective than those from fish,
as there are some differences to consider. The FO supplement
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TABLE 6 
Multiple Regression Analysis of Associations with Infant Visual Acuity
(logarithm of the minimal angle of resolution)a

Factor Coefficient P

Infant RBC DHA (FA%) –0.011 ± 0.004 0.008  
Degree of breast-feeding 

(% of nutrition) 0.001 ± 0.000 0.013  
Gestational age (wk) 0.024 ± 0.007 0.001  
No. of siblings –0.024 ± 0.011 0.029  
aThe regression was performed on all data for the intervention groups with
inclusion of all mentioned factors (n = 76). The table gives regression coeffi-
cients and P-values for significant factors. This model explained 24% (ad-
justed r2) of the overall variance in visual acuity.

FIG. 3. Association between visual acuity and DHA level in infant RBC
at 4 mon of age. Visual acuity, measured as the mean of all thresholds
obtained by swept visual evoked potential, is given as the logarithm of
the minimal angle of resolution (logMAR). Symbols indicate maternal
supplementation with fish oil (●) or olive oil (●●) during the 4 mon of
lactation, or a habitual high maternal intake of fish (●●••) or if the infants
had an estimated breast-milk intake of <50% of their diet (+). Regres-
sion lines were calculated separately for the high-fish reference (dashed
line) and the randomized groups (solid line) (with all infants included
irrespective of degree of breast-feeding). For abbreviations see Figure 1. 



was taken daily, and in that respect should be considered a ha-
bitual as well as an acute dietary factor. Results from our pre-
vious study indicated that acute fish intake could exert greater
influence than the habitual (8). However, in a study like this,
the effects of habitual and acute fish intake are difficult to sep-
arate as the probability of obtaining an acutely affected milk
sample is higher in women eating more fish owing to the
higher frequency of fish intake. Furthermore, calculating the
n-3 LCPUFA intake from fish relies on a series of assump-
tions and uncertainties, whereas the intake of n-3 LCPUFA
from FO is known with respect to FA composition as well as
dose. We did not determine the total fat intake of the women
or their intake of n-6 PUFA, which, via dilution and competi-
tion, may be an important factor in explaining some of the
unaccounted variance observed in the effect of n-3 LCPUFA
from fish and FO on milk DHA levels.   

Infant RBC-DHA content was also greatly increased by
the FO-supplement, in agreement with previous reports
(13,15,16). Infant RBC-DHA at 4 mon of age was associated
with the current breast-milk DHA content. Owing to fluctua-
tions in milk DHA levels with the acute fish intake of the
mother (8), a single milk sample provides only a very rough
estimate of infant DHA intake. As in adults (28,29), infant
RBC-DHA will reflect the intake of the infant over the past
months. This study showed a strong agreement between ma-
ternal and infant RBC-DHA levels at 4 mon. This association
was stronger than the association between infant RBC-DHA
and milk DHA levels. Multiple regression analysis showed
that infant RBC-DHA was associated with the estimated ma-
ternal n-3 LCPUFA intake during lactation, habitual as well
as from the supplement, and the degree of breast-feeding.
Thus, infant RBC-DHA at 4 mon seems to reflect infant DHA
intake during the lactation period. 

Maternal FO-supplementation resulted in a significant de-
crease in the infant RBC arachidonic acid level. However, the
level of arachidonic acid in the RBC of the infants in the FO-
group was only about 0.5 SD lower than in the OO-group but
was considerably higher than that in infants who were breast-
fed less than 50%. In our opinion, this slight decrease in RBC
arachidonic acid level should not have any adverse effects on
infant development or growth (6).

Functional outcome. We could not show any direct ef-
fect of the FO-supplement on infant visual acuity at either
2 or 4 mon of age. However, visual acuity at 4 mon tended
to be associated with current infant—as well as maternal—
RBC-DHA levels. The association between visual acuity
and RBC-DHA was strengthened if controlled for sex, de-
gree of breast-feeding, parity, and maternal BMI, making
infant RBC-DHA one of the most significant determinants
of infant visual acuity.   

Despite the large difference in infant RBC-DHA levels be-
tween the OO- and FO-groups, the association between infant
RBC-DHA and visual acuity was not reflected in differences
in visual acuity between the randomized groups. This could
not be explained by accidental differences in other factors
(e.g., more primiparous, boys, infants with a low degree of

breast-feeding, slightly younger age at testing in the FO-
group) nor by possibly erroneously determined low visual
acuities (data not shown). Based on the regression line in 
Figure 3 (or the regression coefficient in Table 6), we esti-
mate that a change in infant RBC-DHA levels from 6.3 to 9.4
FA% should give rise to a difference in visual acuity of
roughly around 0.03 logMAR. 

However, the SE is about 0.018 logMAR, based on the
variations observed in the present study. Therefore, it is not
in disagreement with the estimated regression effect of infant
RBC-DHA on visual acuity to observe (by chance) no direct
intervention effect on visual acuity (i.e., a type II error). The
regression has higher power because it also uses the informa-
tion available in the natural variation in infant RBC-DHA, be-
sides that created by the intervention. The high power of our
intervention study for detecting differences in infant RBC-
DHA is transformed by the flat regression line to a much
lower power for detecting differences in visual acuity (based
on post hoc computation). To detect a 0.03 logMAR differ-
ence in visual acuity (about 1/3 SD; see Table 5) a study with
a power of 80% would require about 140 subjects in each
group. The detection of differences in visual acuity of this
magnitude is limited by the high CV% of the SWEEP-VEP
method (25).

It was not possible to detect an effect of the n-3 LCPUFA
of fish oil in multiple regression analyses where this was in-
cluded in combination with either habitual maternal intake of
n-3 LCPUFA, maternal RBC-DHA in pregnancy (as a proxy
for the maternal intake of n-3 LCPUFA in the last trimester of
pregnancy), or infant RBC-DHA. Infant visual acuity tended
to be associated with pre- as well as postintervention RBC lev-
els of DHA of the mothers of the randomized part of the study.
This indicates that the association between infant RBC-DHA
and visual acuity at 4 mon of age could be secondary to some
other association or possibly caused by intrauterine effects of
maternal n-3 LCPUFA intake or some dietary or sociocultural
factor associated with maternal fish intake. However, the esti-
mated maternal n-3 LCPUFA intake in the OO-group, which
contributed most to the association, was not affected by the
intervention. Also, there was no significant n-3 LCPUFA-
independent effect of fish oil in multiple regression analyses
including a group variable (FO vs. OO) and biomarkers of the
n-3 LCPUFA intake during lactation (infant or maternal RBC-
DHA levels at 4 mon, P = 0.23 and P = 0.068, respectively).
Furthermore, if the observed association had been caused by
prenatal factors, we would have expected the regression analy-
sis to give regression coefficients of the same magnitude in the
two randomized groups, but with a lower constant in the FO-
group. However, the association in the FO-group was like that
in the HF-group, indicating that the FO-supplement affected
infant visual acuity independent of the RBC level of DHA
and that infants in these two groups with respect to visual
maturation had optimal levels of RBC-DHA.

The Danish population has a higher fish intake than that
in many other countries (30), and this is also reflected in its
relatively high RBC DHA content. It is possible that the habitual
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fish intake in the randomized trial was close to optimal and that
the FO supplementation would have had a larger effect in a popu-
lation with a lower fish intake. A further limitation of this trial
was that not all of the infants were exclusively breast-fed for the
entire intervention period. Finally, we aimed at making a perfectly
double-blinded trial by adding the supplements in müsli bars and
cookies. This was not achieved, however, as some of the subjects
were given capsules. Although these subjects were in theory still
blinded, it is in most cases possible to taste if one receives FO
capsules, which is a limitation in all studies using FO-capsules.
This is a potential problem, as one could suspect that the control
group might take fish oil if they knew that they were not in the 
FO-group. However, RBC-DHA and milk DHA (and the SD of
these) did not differ between subjects given olive oil as müsli bars
and subjects given capsules. Also, RBC-DHA values decreased
for all mothers in the OO-group during the intervention.

Two cross-sectional studies have shown an association be-
tween visual acuity and breast-milk or infant RBC-DHA lev-
els in subjects with mean milk DHA levels lower than that of
the OO-group of this study (both around 0.3 FA%) (7,22). In
these studies the observed change in visual acuity at 4 mon of
age was between 0 and 0.1 logMAR with changes in milk
DHA within the range of 0.1–0.8 FA%. In one of the studies,
the association between RBC-DHA and visual acuity was only
observed at some of the tested ages (22). Two previous mater-
nal DHA supplementation trials did not show any effects on
infant visual acuity in populations with lower baseline levels
of milk DHA than the mothers in the present study (16,17).
However, one of these trials gave only very small DHA 
supplements (17) and the other had very few infants with a suc-
cessful VEP-acuity measure (16). It is therefore our opinion
that neither the present nor any of the previous studies provide
any solid evidence as to whether the DHA intake of breast-fed
infants is of any importance for their visual development.

The estimated maternal n-3 LCPUFA intake during lacta-
tion was a strong determinant of the infant RBC-DHA level.
Maternal FO supplementation increased the level of DHA
and other n-3 LCPUFA in human milk as well as infant RBC.
Maternal FO-supplementation during lactation did not en-
hance visual acuity of those infants who successfully com-
pleted the visual assessments. However, the results showed
that RBC-DHA was an important determinant of visual acu-
ity. Thus, the results from this study indicate that variation in
breast-milk n-3 LCPUFA may have implications for the vi-
sual development of breast-fed infants. If this is to be deter-
mined conclusively, larger intervention studies in mothers
with a very well defined low habitual fish intake are needed.
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ABSTRACT: Low-fat diets and diets containing n-3 fatty acids
(FA) slow the progression of renal injury in the male
Han:Sprague-Dawley (SPRD)-cy rat model of polycystic kidney
disease. To determine whether these dietary fat effects are simi-
lar in females and in another model of renal cystic disease, in
this study we used both male and female pcy mice to examine
the effects of fat level and type on disease progression. Adult
pcy mice were fed 4, 10, or 20 g soybean oil/100 g diet for 130
d in study 1. In study 2, weanling pcy mice were fed high or
low levels of fat rich in 18:2n-6 (corn oil, CO), 18:3n-3 (flaxseed
oil/CO 4:1 g/g, FO), or 22:6n-3 (algal oil/CO 4:1 g/g, DO) for 8
wk. In adult pcy mice, low- compared with high-fat diets lowered
kidney weights (2.4 ± 0.2 vs. 3.1 ± 0.2 g/100 g body weight, 
P = 0.006) and serum urea nitrogen (SUN) (9.6 ± 0.6 vs. 11.9 ±
0.6 mmol/L, P = 0.009), whereas in young pcy mice it reduced
renal fibrosis volumes (0.44 ± 0.04 vs. 0.62 ± 0.04 mL/kg body
weight, P < 0.0001). FO feeding in young pcy mice mitigated
the detrimental effects of high fat on fibrosis while not altering
kidney size, function, and oxidative damage when compared
with the CO-fed mice. In contrast, DO- compared with CO-fed
mice had higher kidney weights (2.64 ± 0.07 vs. 2.24 ± 0.08
g/100 g body weight, P = 0.005), SUN (9.4 ± 0.57 vs. 7.0 ± 0.62
mmol/L, P < 0.0001), and cyst volumes (7.9 ± 0.28 vs. 6.2 ±
0.30 mL/kg body weight, P < 0.0001) and similar levels of ox-
idative damage and fibrosis. The FA compositions of the diets
were reflected in the kidneys: 18:2n-6, 18:3n-3, and 22:6n-3
were the highest in the CO, FO, and DO diets, respectively. Di-
etary effects on kidney disease progression were similar in
males and females. A low-fat diet slows progression of renal in-
jury in male and female pcy mice, consistent with findings in
the male Han:SPRD-cy rat. Dietary fat type also influenced
renal injury, with flaxseed oil diets rich in 18:3n-3 slowing early
fibrosis progression compared with diets rich in 18:2n-6 or in
22:6n-3.

Paper no. L9399 in Lipids 39, 207–214 (March 2004).

Polycystic kidney disease (PKD) is the fourth most common
cause of end-stage renal disease, affecting over 12 million peo-
ple worldwide, and is primarily caused by mutations in one of
two genes, PKD1 and PKD2 (1,2). Treatment of PKD patients
involves alleviation of associated secondary disorders, but
there currently are no strategies to combat disease progression

itself. A number of studies involving dietary interventions
using animal models of renal cystic diseases, however, have
obtained promising results in retarding disease progression. In
these models, disease progression is retarded by the reduction
of dietary protein to a low yet growth-maintaining level, sub-
stitution of soy protein for casein, supplementation with a
saponin-enriched alcohol extract from soy protein isolate, and
adding flax or fish oil to the diet, with some of these interven-
tions having been shown to prolong life (3–11).

In male Han:Sprague-Dawley (SPRD)-cy rats with PKD,
low-fat compared with high-fat feeding is beneficial, result-
ing in less histological damage, lower serum creatinine, and
improved creatinine clearance (11,12). Although the disease
progresses at a much slower rate in female Han:SPRD-cy rats,
dietary fat restriction also is beneficial to a lesser extent (12).
The relevance of animal models and of gender to human dis-
ease is always an issue, necessitating the use of multiple mod-
els of the disease and the inclusion of both genders to exam-
ine intervention effects. The pcy mouse has a form of renal
cystic disease with progressive renal failure and has been
used as a model of human autosomal dominant PKD (13–15),
although synteny of the pcy gene with the NPH3 gene has
been observed (16). The NPH3 protein is mutated in adoles-
cent nephronophthisis, another type of renal cystic disease
(16). Phenotypically, this model exhibits several characteris-
tics of both of these forms of renal cystic disease (16,17). All
renal cystic diseases involve disturbances of regeneration and
repair, with different components predominating in different
models.

In the pcy mouse model, gender differences in response to
varying fat type and protein source have been observed
(3,18). Therefore, in the first study presented herein, we ex-
amined the effects of feeding differing fat levels on the pro-
gression of disease in male and female pcy mice to determine
whether the beneficial effects of fat restriction observed in the
Han:SPRD-cy rat extend to this model of renal cystic disease.
In contrast to previous pcy studies in which adult pcy mice
have been used, in Han:SPRD-cy rats the benefits of dietary
interventions on renal injury have been observed in young an-
imals (11,12). Therefore, in the second study, we examined
whether dietary fat level would have the same effect in wean-
ling pcy mice. In this study, the type of fat also was altered to
determine whether fat type would influence fat-level effects
on disease progression in these mice.

In Han:SPRD-cy rats, both fish oil (rich in 20:5n-3 and
22:6n-3) and flax oil (rich in 18:3n-3) slow disease progres-
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sion compared with oils rich in 18:2n-6 (10,11). Furthermore,
a fish oil diet mitigates the detrimental effects of a high-fat
diet rich in n-6 fatty acids (FA) in weanling Han:SPRD-cy rats
(11). However, compared with this rat model, the effects of
dietary oil rich in n-3 FA are unresolved in studies using adult
pcy mice given a moderate level of dietary fat. In the long
term, fish oil appears to be detrimental (18), whereas in the
short term, it appears to be beneficial (19). Therefore, to dif-
ferentiate between possible effects of oils containing distinct
n-3 FA, in the second study weanling pcy mice were fed diets
containing high and low levels of corn oil (rich in 18:2n-6)
compared with flax oil (rich in 18:3n-3) or a novel algal oil
(rich in 22:6n-3) to determine whether fat-level effects were
influenced by fat type in this model of renal disease.

MATERIALS AND METHODS

Animals. CD1-pcy/pcy (pcy) mice were obtained from our
breeding colony, which was established from mice provided
to us by V.H. Gattone II of the University of Kansas Medical
Center. The animal experimental protocols were in accor-
dance with the guidelines of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. All mice
were housed in individual cages under temperature, humidity,
and light-controlled conditions. All diet ingredients, with the
exception of flax and algal oils, were purchased from Dyets
Inc. (Bethlehem, PA) or Harlan Teklad (Madison, WI). Flax
oil was a generous gift from Bioriginal Food and Science
Corporation (Saskatoon, Saskatchewan), and algal oil
(DHASCO, DHA-rich single-cell oil) was from Martek Bio-
sciences Corporation (Winchester, KY).

Diets and experimental protocol . Study 1 had three dietary
treatments and two genders in a 3 × 2 design, with each group
having eight mice. Adult male and female mice, at 70 d of age,
were randomly assigned to one of three diets containing fat at
either a low (4%, 4 g/100 g diet), medium (10%, 10 g/100 g
diet), or high level (20%, 20 g/100 g diet). These diets were
based on the AIN-93M diet for adult rodents, which uses soy-
bean oil as the lipid source (20), and differed only in fat level.
This diet contains 8 g 18:3n-3 and 53 g 18:2n-6 per 100 g of
total FA present (11). Energy from fat was substituted for that
from carbohydrates and vice versa, and other ingredients were
adjusted to maintain a constant nutrient-to-energy ratio in these
diets. All mice were fed the experimental diets for 130 d.

In study 2, male and female mice were randomly assigned
to one of six experimental diets at weaning (4 wk of age, n =
8/diet group). The diets contained three types of dietary oils,
namely, corn (rich in 18:2n-6), flaxseed (rich in 18:3n-3), and
DHASCO (algal oil rich in 22:6n-3), at high (20%) and low
(7%) levels, providing 20 and 7 g of fat/100 g diet, respectively,
in a 2 × 2 × 3 design. To compensate for a potential EFA defi-
ciency in the DHASCO oil diet, corn oil was added at a ratio of
4:1 (4 g of DHASCO oil, 1 g of corn oil). The flaxseed oil diet
was treated in a similar fashion. Diets are indicated as CO, con-
taining corn oil, DO, containing DHASCO/corn oil (4:1, g/g),
and FO, containing flaxseed/corn oil (4:1, g/g). The FA com-

positions of these diets are shown in Table 1. Since these were
growing mice, the level of fat in the low-fat diet was 7 g/100 g
diet as prescribed in the AIN-93G diet (compared with 4 g
fat/100 g diet in the maintenance diet fed to the adult mice in
study 1). Although study 2 was designed as a longer feeding
trial, the study was shortened since two males from the high-
DO group and one male from the low-DO group died of renal
failure after 8 wk of feeding. Mice were added to the study as
they became available from the breeding colony and were fed
for an 8-wk period. This allowed us to allocate additional mice
to the groups in which mice had died along with their litter-
mates placed on the other diets, thus restoring an n = 8 for all
groups for analyses at the end of the study. In addition to the
three mice that had died of renal failure, some mice did not
maintain fluid volume in the last weeks of the study and had to
be rehydrated with 0.9% physiologic saline (administered sub-
cutaneously). Weight loss and failure of a portion of the skin
raised by “tenting” to resume its normal shape were used to de-
termine whether rehydration was necessary. The average num-
ber of treatments per mouse was two, and the volume of saline
used was determined based on the extent of weight loss. No an-
imals were dehydrated at termination.

Mice were weighed weekly, and at the end of the feeding
period they were killed and the trunk blood was collected to
obtain serum. Livers and right kidneys were removed,
weighed, and frozen in liquid nitrogen. Left kidneys were re-
moved, weighed, and fixed in 10% buffered formalin for mor-
phological and histological analyses.

Histology and immunohistochemistry. The left kidney was
embedded in paraffin and sectioned at 5 µm. Sections for cyst
area measurement were stained with hematoxylin and eosin,
and those for quantitative analysis of fibrosis were stained
with aniline blue (an adaptation of Masson’s trichrome stain),
which permitted image analysis measurement using a stan-
dard incandescent microscope light source. This adaptation
demonstrated perfect concordance of staining with an im-
munofluorescent detection of collagen type III (7,11,21).
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TABLE 1
FA Composition of the Experimental Dietsa (study 2)

FA CO DO FO

10:0 —b 0.89 ± 0.02c —
12:0 — 3.36 ± 0.07 —
14:0 — 12.67 ± 0.26 —
16:0 10.91 ± 0.01 14.67 ± 0.16 6.54 ± 0.07
16:1n-7 0.11 ± 0.00 1.15 ± 0.02 —
18:0 2.08 ± 0.03 1.14 ± 0.00 3.21 ± 0.01
18:1n-7 0.54 ± 0.01 0.12 ± 0.00 0.63 ± 0.00
18:1n-9 26.63 ± 0.26 19.92 ± 0.06 19.16 ± 0.00
18:2n-6 57.30 ± 0.29 13.1 ± 0.08 23.48 ± 0.23
18:3n-3 0.94 ± 0.07 0.23 ± 0.00 45.43 ± 0.32
22:5n-3 — — —
22:6n-3 — 31.36 ± 0.33 —
aCO, corn oil diet; DO, DHASCO (DHA-rich single-cell oil)/corn oil (4:1,
g/g) diet; FO, flaxseed/corn oil (4:1, g/g) diet; FA, fatty acid.
b<0.1 g/100 g total FA.
cValues represent means ± SEM of two determinations of the major FA (≥0.5
g/100 g total FA present in any diet).



As a measure of renal injury, detection of oxidized modifi-
cations of LDL (ox-LDL, including Cu2+-ox-LDL and mal-
ondialdehyde-LDL) was carried out using a 1:50 dilution of
rabbit anti-Cu2+-ox-LDL polyclonal antibody for 30 min
(AB3230; Chemicon International, Temecula, CA) (10). Sec-
ondary detection was done using a Dako EnVision Plus sys-
tem (K4008; Dako Corporation, Carpinteria, CA). Sections
were counterstained with hematoxylin (Dako Mayer’s hema-
toxylin, S3309; Dako Corporation).

Image analysis. An imaging system comprising a Spot Ju-
nior CCD camera mounted on an Olympus BX60 microscope
was used for image analysis. After being captured using the
SPOT software (version 3.10), images were analyzed as de-
scribed previously (7,10,11) using the Image Pro Plus software
(version 4.10; Media Cybernetics, Silver Spring, MD) for cyst
area, renal fibrosis, and ox-LDL. Briefly, the portion of tissue
section occupied by the tubular lumen or cyst was measured
through a series of images at 10× objective, starting from a
random field of tissue section until 25 measurements from 3
to 5 whole-kidney cross-sections were collected. All measure-
ments were carried out in a blinded fashion. Identification of a
tubular lumen or cyst was performed by automated measure-
ments using hue and intensity characteristics. The renal fibro-
sis ratio was determined using a 20× objective and using the
proportion of section areas that had taken up aniline blue stain.
The cyst area ratio and renal fibrosis ratio were determined in
this manner and expressed relative to left kidney and body
weight to yield the cyst or fibrosis volume (assuming 1 g = 1
mL) as described previously (7,10,11). Areas positive for fi-
brosis and ox-LDL were expressed as the fraction of solid tis-
sue area, thereby correcting for the extent of cystic change in
each kidney. The cyst and fibrosis volume reflected renal cyst
growth and fibrosis, respectively.

Biochemistry. Serum urea nitrogen (SUN) was determined
spectrophotometrically using reagents from Sigma kit 640-A
(Sigma Chemical Co., St. Louis, MO).

For analyses of dietary fat, 2 g of diet was homogenized in
chloroform/methanol (2:1, vol/vol) and filtered. After the ad-
dition of water, separation of the organic and aqueous phases
was facilitated by letting the mixture sit overnight at room
temperature. The organic phase was drawn off, evaporated to
dryness at 50–70°C, and resuspended in 1 mL of toluene. The
FA were methylated using 3 N methanolic HCl at 80°C for 1
h. FAME were extracted in hexane and analyzed by GC.

For kidney FA analyses, lipids were extracted from the
right kidneys of four mice randomly selected from each group.
Ten milligrams of lyophilized kidney was homogenized in
chloroform/methanol (2:1, vol/vol) containing 0.01% BHT.
After centrifugation at 1500 × g for 15 min, the supernatant
was treated with 0.73% NaCl and was recentrifuged. The
aqueous phase was discarded, and the organic phase was
washed twice with theoretical upper phase containing chloro-
form/methanol/water (3:48:47, by vol). The organic layer was
transferred to a clean glass tube, dried under nitrogen, and re-
suspended in 0.6 mL of toluene. The lipid extracts were trans-
methylated using 3 N methanolic HCl at 80°C for 2 h. After

washing twice with water and centrifuging, the organic phase
was dried under nitrogen and resuspended in 50 µL of hexane.
Both diet and kidney FAME were separated by GLC on a Var-
ian Star 3400 (Varian Inc., Mississauga, Ontario), using a 30-m
capillary column, with an i.d. of 0.25 mm and a 0.25-µm film
thickness (Agilent Technologies, Mississauga, Ontario).

For conjugated diene analyses, lipids were extracted from
livers in the same way as from kidneys, and the conjugated
diene concentration was determined spectrophotometrically
using AOCS Official Method Ti la-64 (22). The lipid extracts
were diluted in isooctane, and the absorbance of samples at
233 nm was measured. By using oxidized oil with a known
conjugated diene concentration as a reference, the detection
limit was determined to be 17 ng of conjugated dienes.

Statistical analyses. Data were analyzed by two-way
(study 1) and three-way (study 2) ANOVA, with litter in-
cluded as a random effect, using SAS software (SAS Insti-
tute, Cary, NC). Normality of the data was tested using a plot
of residuals vs. predicted values and Shapiro–Wilk’s W sta-
tistic. Data were normalized by logarithmic transformation
when necessary. Differences between means were tested
using post hoc t-tests (simple contrasts). Post hoc t-tests were
performed only when the overall main or interaction effect
was significant at P < 0.05. Main and interaction effects were
considered significant at P < 0.05. In several cases, interac-
tions of type or level with gender were present; in these cases,
male and female data were analyzed separately. In some
cases, specific FA were present in trace amounts (<0.1
mol/100 mol total FA); for these FA, only the groups that had
>0.1 mol/100 mol of total FA were included in the analyses.

Chi-square analyses were performed on the number of
mice requiring rehydration in study 2. Simple effects of fat
type, fat level, and gender were compared by this test.

RESULTS

Fat level effects. In adult pcy mice, high- compared with low-
fat diets resulted in higher kidney weights and SUN concen-
trations (Table 2). Renal cystic growth and fibrosis were ex-
tensive and were not affected by fat level in these animals at
200 d of age. In the early stages of renal disease, as observed
in study 2, fat-level effects were observed in renal fibrosis
(Table 3), the number of healthy mice (see below), and some
renal FA levels (Table 4). Renal fibrosis was reduced in low-
fat- compared with high-fat-fed mice in all diets (Table 3),
but the detrimental effects of high fat were mitigated by FO,
with fibrosis in the high-fat-fed FO group being similar to that
in the low-fat CO and DO groups (Table 3).

In addition to the three mice that died of renal failure in
study 2 (two on the high-DO and one on the low-DO diet),
some mice could not maintain fluid volume in the last weeks
of the study and had to be rehydrated with physiologic saline.
The number of animals that had to be treated in this way in-
cluded seven high-DO-fed males, two high-DO-fed females,
two high-FO-fed males, one high-CO-fed male, and one low-
DO-fed male. Chi-square analyses of fat-level effects (within
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each fat type) revealed that significantly more mice in the
high-fat DO group required rehydration than in the low-fat
DO group.

Fat type effects. In study 2, after 8 wk of feeding, kidney
weights of DO-fed mice were higher than those of CO-fed
mice, and SUN concentrations and cyst volumes were higher
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TABLE 2
Body and Kidney Weights and Renal Disease Markers in Male and Female pcy Mice Fed 4,
10, or 20 g of Soybean Oil per 100 g Diet for 130 d (study 1)a

Fat level (g/100 g diet)b

Outcome measurements 4% 10% 20% Pooled SEM Effects

Body weight (g)
Male 40.0 38.5 40.5

1.38 G
Female 32.5 32.0 36.9

Relative kidney weight (g/100 g body weight)
Male 2.7 3.0 3.5

0.24 G, Lc
Female 2.2 2.5 2.7

SUN (mmol/L)
Male 10.4 12.7 13.4

2.42 G, Lc
Female 8.9 9.7 10.4

Cyst volume (mL/kg body weight)d 10.8 11.5 13.9 1.02 None
Renal fibrosis (mL/kg body weight)d,e 2.39 1.96 1.60 0.39 None
aSUN, serum urea nitrogen; G, gender; L, level.
bAll values in the 4, 10, and 20% columns are least square means (n = 8).
cP < 0.05, high- compared with low-fat-fed mice.
dData from males only.
eCorrected for solid tissue area. 

TABLE 3
Body and Kidney Weights and Renal Disease Markers in Male and Female pcy Mice Fed Diets Containing CO,
DO, and FO Diets at 20 or 7 g of Fat per 100 g Diet for 8 wk (study 2)a

Fat level (g/100 g diet)b

Outcome CO DO FO

measurements 7% 20% 7% 20% 7% 20% Pooled SEM Effects

Body weight (g)c

Male 30.4 32.2 28.0 24.1 31.3 32.1 0.925 T, L × Td

Female 23.8 26.5 24.7 25.4 26.1 27.4 1.320 None

Relative kidney weight (g/100 g body weight)b

Male 2.43 2.74 3.24 3.22 2.85 2.94 0.164 Te

Female 2.10 1.70 2.31 1.77 2.06 2.06 0.122 None

SUN (mmol/L)
Male 7.6 7.9 12.1 10.5 7.7 7.4

1.099 G, Tf
Female 6.0 6.4 6.8 8.1 6.5 6.5

Renal fibrosis (mL/kg body weight)g

Male 0.54 0.84 0.51 0.77 0.28 0.48
0.077 G, Th, L

Female 0.46 0.54 0.58 0.76 0.28 0.35

Cyst volume (mL/kg body weight)
Male 6.6 7.7 8.5 8.7 7.1 7.8

0.546 G, Tf
Female 5.6 4.9 6.2 8.1 5.1 5.4

Oxidized LDL (cells/high power field)g

Male 0.47 0.59 0.62 0.67 0.41 0.49
0.076 Ti

Female 0.41 0.40 0.45 0.71 0.35 0.36
aFor diet specifications see Table 1. T, type; for other abbreviations see Tables 1 and 2.
bAll values in the 7 and 20% columns are least square means (n = 8).
cInteractions with gender were present; therefore, data were analyzed separately for male and female mice.
dInteraction between fat level and type. The only significant effects for simple fat level or type were observed in the high-fat
DO males, which had significantly lower body weights than males in all the other groups.
eP < 0.05, DO > CO.
fP < 0.01, DO > CO, FO.
gCorrected for solid tissue area.
hP < 0.0001, FO < CO, DO.
iP < 0.005, DO > FO.



in DO compared with both CO- and FO-fed mice (Table 3).
Body weights were lower in high-fat DO-fed male mice com-
pared with other male mice fed high-fat diets (Table 3). There
was increased fibrosis in the DO- and CO-fed mice compared
with FO-fed mice (Fig. 1), and ox-LDL was higher in DO-
compared with FO-fed mice (Table 3). Chi-square analyses
of fat-type effects in mice that required rehydration revealed
that mice on the high-fat DO diet required rehydration more
often those on the high-CO or -FO diets.

To assess whether the higher ox-LDL in DO fed mice was a
reflection of systemic oxidative damage due to the higher
PUFA content of the diet, conjugated dienes were assessed in
the liver, a tissue not affected by cystic injury at this age. There
was no evidence of peroxidation in the liver, as the level of con-
jugated dienes was below the detection limit of 17 ng, which
represented less than 0.003% of total lipids (data not shown).

Renal FA levels reflected the FA compositions of the diets
and, as a result, 18:2n-6, 18:3n-3, and 22:6n-3 were the high-
est in the CO, FO, and DO diets, respectively (Table 4). Al-
though the level of 18:2n-6 provided in the FO compared with
the DO diet was only twofold higher, the levels of 20:4n-6 in
the kidneys of FO-fed mice were 7- to 12-fold higher. Com-
pared to the kidneys of CO-fed mice, the levels of 20:4n-6

were 13- to 15-fold lower in the kidneys of DO-fed mice and
twofold lower in the kidneys of FO-fed mice.

Gender effects. Several markers of renal injury and func-
tion indicated a lesser degree of renal injury in females. How-
ever, the dietary fat level and type effects in females were not
different from those in males. A few interactions between
gender and fat level and type on body weight and kidney
weight, respectively, indicated that dietary effects on these
were not as great in females as in males.

DISCUSSION

A high-fat diet worsens renal disease progression in pcy mice,
with a significant increase in renal fibrosis manifested early
in the disease process, and elevated SUN and kidney size
were observed in the older animals. There was a threefold in-
crease in renal fibrosis levels in 200-d-old adult pcy mice
compared with 84-d-old younger mice. This change is similar
in magnitude to previously reported renal fibrotic damage in
pcy mice, which becomes progressively more severe with age
(23). The extensive level of renal fibrosis in the older animals
may have obscured the changes observed in the younger
mice, but the effect on function, as indicated by elevated SUN
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TABLE 4
Kidney FA Composition (mol/100 mol of total FA) in Male and Female pcy Mice Given CO, DO, and FO Diets at 20 or 7 g 
of Fat per 100 g Dieta

COb DOb FOb

FA Gender 20% 7% 20% 7% 20% 7% Effect

14:0 Male 0.48 ± 0.06 0.87 ± 0.05 2.57 ± 0.52 1.52 ± 0.18 0.52 ± 0.03 0.89 ± 0.23 T, L × T
Female 0.42 ± 0.03 0.97 ± 0.05 3.21 ± 0.67 1.82 ± 0.20 0.63 ± 0.10 0.94 ± 0.15

16:0 Male 20.11 ± 0.31 22.41 ± 0.21 24.00 ± 1.11 25.84 ± 0.86 18.05 ± 0.13 23.57 ± 1.65 G, L, T
Female 20.61 ± 0.42 25.06 ± 0.25 22.93 ± 0.56 27.58 ± 0.39 19.71 ± 0.22 23.97 ± 0.30

18:0 Male 14.60 ± 0.28 13.29 ± 0.18 14.82 ± 1.03 15.36 ± 0.47 15.66 ± 0.40 13.76 ± 1.77 L
Female 15.47 ± 0.50 13.65 ± 0.34 15.44 ± 1.24 13.22 ± 1.00 15.73 ± 1.36 13.82 ± 0.81

16:1n-7 Male 0.43 ± 0.04 2.05 ± 0.05 0.70 ± 0.11 1.72 ± 0.29 0.46 ± 0.03 2.71 ± 0.70 L
Female 0.44 ± 0.02 2.32 ± 0.17 0.91 ± 0.19 2.64 ± 0.32 0.91 ± 0.17 3.05 ± 0.64

18:1n-7c Male 1.34 ± 0.06 2.69 ± 0.11 0.68 ± 0.05 1.23 ± 0.03 1.04 ± 0.03 2.27 ± 0.20 L, T, L × T
Female 1.36 ± 0.03 2.28 ± 0.11 0.63 ± 0.02 1.76 ± 0.04 1.05 ± 0.04 2.22 ± 0.06 L, T

18:1n-9 Male 9.79 ± 0.63 13.54 ± 1.17 11.44 ± 1.24 12.57 ± 0.76 11.13 ± 0.61 15.23 ± 2.80 G, L
Female 10.85 ± 0.78 16.61 ± 0.76 12.27 ± 1.56 16.27 ± 1.05 12.85 ± 1.72 16.88 ± 2.44

18:2n-6c Male 19.56 ± 1.11 11.95 ± 0.42 12.63 ± 0.54 8.47 ± 0.21 16.62 ± 0.37 10.65 ± 0.61 L, T, L × T
Female 21.11 ± 1.34 13.91 ± 0.38 11.08 ± 0.47 9.27 ± 0.46 17.90 ± 0.55 10.51 ± 0.47 L, T, L × T

18:3n-3d Male 0.14 ± 0.01 —e — — 6.90 ± 0.78 2.91 ± 0.75 L
Female 0.20 ± 0.02 0.10 ± 0.01 — — 7.62 ± 1.69 2.60 ± 0.19

20:2n-6 Male 1.03 ± 0.04 0.56 ± 0.07 0.25 ± 0.03 0.23 ± 0.01 0.43 ± 0.04 0.40 ± 0.05 G, L, T, L × T
Female 1.04 ± 0.03 0.53 ± 0.06 0.17 ± 0.01 0.19 ± 0.004 0.35 ± 0.03 0.22 ± 0.01

20:4n-6c Male 13.95 ± 0.43 13.68 ± 0.84 0.55 ± 0.04 1.09 ± 0.03 6.76 ± 0.38 7.21 ± 1.06 T
Female 16.64 ± 0.82 15.79 ± 0.47 0.53 ± 0.03 1.43 ± 0.04 8.87 ± 1.09 9.11 ± 0.61 T

20:5n-3d Male — — 8.24 ± 0.60 7.23 ± 0.52 2.04 ± 0.07 2.71 ± 0.41 T, L × T
Female — — 9.76 ± 1.06 6.95 ± 0.46 2.71 ± 0.32 3.35 ± 0.48

22:5n-6d Male 4.44 ± 0.50 6.76 ± 0.31 — — — — G, L, G × L
Female 1.48 ± 0.04 1.86 ± 0.11 — — — —

22:6n-3 Male 9.36 ± 1.16 7.23 ± 0.25 20.54 ± 0.58 20.77 ± 0.91 15.61 ± 0.85 11.60 ± 4.44 T
Female 5.54 ± 0.23 4.49 ± 0.15 19.47 ± 0.85 14.81 ± 0.73 6.87 ± 0.87 8.19 ± 0.96

aFor diet specifications see Table 1. For abbreviations see Tables 1–3.
bAll values expressed in the 20 and 7% columns are least square means (n = 8). Values expressed as means ± SEM of FA present at a level of >1 mol/100
mol total FA in the kidneys of at least one diet group.
cInteractions with gender were present; therefore, data were analyzed separately for male and female mice.
dStatistical analyses were performed on only groups having >0.1 mol/100 mol of total FA.
eLess than 0.1 mol/100 mol of total FA.



levels, suggests that the early changes did have long-term ef-
fects. These findings in the pcy mouse are consistent with pre-
vious studies, which demonstrated that a high-fat diet accel-
erates renal disease progression in the Han:SPRD-cy rat
(11,12). It also further extends those studies to demonstrate
that the benefits of a low-fat diet are also present in female
pcy mice. Notably, reducing the dietary fat level slows renal
disease progression yet maintains normal body growth.

The most notable fat-type effect on disease progression
was observed in the markedly reduced renal fibrosis in the
FO- compared to the CO- and DO-fed mice. In addition, the
FO diet mitigated the negative effect of high-fat feeding on
fibrosis with the high-FO-fed mice having renal fibrosis simi-
lar to the low-fat-fed mice on the other diets. The beneficial
effect of FO demonstrated herein is consistent with the bene-
ficial effect of oils with n-3 FA on renal injury in the wean-
ling Han:SPRD-cy rat (10,11). In contrast to the beneficial ef-
fects of FO, mice fed DO, compared with CO, diets failed to
thrive, had lower body weights, had increased cystic growth,
and exhibited impaired kidney function (higher SUN concen-
trations). This is reminiscent of previous findings of reduced
survival in adult pcy mice fed a fish oil diet containing n-3 FA
(14). Studies that have exhibited a beneficial effect of dietary
n-3 FA on renal injury in the Han:SPRD-cy rat model have
been short-term supplementation studies in weanling rats, and
there is currently no documentation of the long-term effects
of dietary n-3 supplementation in this model. Therefore, the
possibility that short-term benefits of n-3 FA do not persist in
the long term cannot be overlooked. It is therefore imperative
to exercise caution in extrapolating the apparent benefits of
diets containing n-3 FA in early renal injury to potential ben-
efits in later stages of disease progression.

The greater amount of renal inflammation in the early
stages of renal injury in the Han:SPRD-cy rat model, com-
pared with the pcy mouse, may help explain why n-3 FA are
beneficial in early stages of disease progression in the
Han:SPRD-cy rat while having lesser benefits in the pcy
mouse. Supplementing the diet with n-3 FA causes a shift in
eicosanoid production, with 20:5n-3 inhibiting the metabo-
lism of 20:4n-6 to the more inflammatory eicosanoids,
thereby exerting an anti-inflammatory effect in renal disease
(24). Thus, the beneficial effects of n-3 FA in early renal dis-
ease could be due to a reduction in renal inflammation by al-
tering the renal eicosanoid profile.

Although the DO diet also may have been expected to re-
duce renal inflammation because of its high n-3 FA content,
the reduction in eicosanoid precursors may have been exces-
sive in these mice. Although overproduction of eicosanoids
may increase inflammation, normal levels of eicosanoids play
an important role in the maintenance of kidney functions, in-
cluding blood flow, glomerular filtration rate, urine concentra-
tion, and renin release (25,26). Although there was increased
20:5n-3 in the kidneys of DO-fed mice, the level of 20:4n-6
was markedly reduced, perhaps resulting in a deficiency of
critical eicosanoids in these kidneys. Competition for the ∆6-
desaturase enzyme at the 18-carbon FA level by n-6 and n-3
FA has been documented (27), and feeding formulas rich in
22:6n-3 and 20:5n-3 but lacking in 20:4n-6 has resulted in re-
duced growth of preterm infants (28,29). It is of interest to de-
termine whether the inclusion of 20:4n-6 in the DO diet would
have been beneficial, as is the case with infant formulas. In the
previous studies in which a diet containing n-3 FA slowed the
progression of renal injury, 20:4n-6 levels were maintained at
levels similar to those in the FO-fed mice in the current study
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FIG. 1. Renal fibrosis in male pcy mice fed high-fat diets (20 g of fat/100 g diet) containing (A)
corn oil (CO), (B) DHASCO (DHA-rich single-cell oil)/corn oil (4:1 g/g, DO), or (C)
flaxseed/corn oil (4:1 g/g, FO) oil. Aniline blue stain, magnification 40×. Arrows point to areas
of increased renal fibrosis identified by darkly stained collagen deposits in interstitial spaces,
especially around the periphery of cysts.



(8,11). Thus, the adverse effects of the high-DO diet may have
been due to the marked suppression of 20:4n-6, resulting in a
greater reduction of critical eicosanoid formation.

The lesser magnitude of renal injury observed in females
is consistent with well-documented findings of gender-asso-
ciated dimorphism in human and animal PKD. The average
age of renal failure is about 5 yr earlier in men than in women
with PKD (30,31), and disease progression is more aggres-
sive in male Han:SPRD-cy rats than in females (32). How-
ever, dietary fat effects were similar in female and male pcy
mice, demonstrating the relevance of dietary fat restriction in
females, similar to the previously studied males (11,12).

Renal ox-LDL formation is negligible in normal kidneys
of the Han:SPRD-cy rat but increases with the extent of in-
jury to the kidneys (10). This is consistent with other studies
in which ox-LDL was immunohistochemically demonstrated
in the glomeruli of rats, in humans with glomerulosclerosis
(33,34), and in various immune- and nonimmune-mediated
renal injuries, including PKD, in which oxidized products ac-
cumulate (35–37). Compromised resistance to oxidant injury
due to the depletion of renal antioxidant enzymes (38) was
observed in the Han:SPRD-cy rat. We also found the highest
levels of ox-LDL in the DO-fed mice, which had the greatest
development of renal injury. Although an enrichment of
22:6n-3 in tissue membranes increases their susceptibility to
lipid peroxidation (39), the lack of significant accumulation
of conjugated dienes in the unaffected livers in our study sug-
gests that the increased renal expression of ox-LDL in mice
fed DO is not simply due to an increase in peroxidation of the
higher levels of n-3 PUFA. In fact, both DO- and FO-fed mice
had similar amounts of renal n-3 PUFA compared with the
CO-fed mice, but had differing levels of ox-LDL, as well as
other markers of renal injury. However, the possibility that
injured kidneys are more susceptible to FA peroxidation can-
not be ruled out.

Our results demonstrate that dietary fat alters disease pro-
gression in both male and female pcy mice. A low-fat diet
slows the development of renal injury and flax oil-containing
18:3n-3 reduces early renal disease progression. However,
caution is warranted in the use of n-3 FA as potential thera-
peutic agents in this form of renal injury, as very high levels
of 20- and 22-carbon n-3 FA without adequate 20:4n-6 appear
to be detrimental.
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ABSTRACT: We determined the effect of dietary long-chain
(≥C20) PUFA (LC-PUFA), 20:5n-3 and 22:6n-3, on larval striped
trumpeter (Latris lineata) biochemistry through early development
and during live feeding with rotifers (Brachionus plicatilis). Ro-
tifers were enriched using seven experimental emulsions formu-
lated with increasing concentrations of n-3 LC-PUFA, mainly
20:5n-3 and 22:6n-3. Enriched rotifer n-3 LC-PUFA concentra-
tions ranged from 10–30 mg/g dry matter. Enriched rotifers were
fed to striped trumpeter larvae from 5 to 18 d post-hatch (dph) in
a short-term experiment to minimize gross deficiency symptoms
such as poor survival that could confound results. No relation-
ships were observed between larval growth or survival with di-
etary n-3 LC-PUFA at 18 dph. The larval FA profiles generally re-
flected those of the rotifer diet, and significant positive regressions
were observed between most dietary and larval FA at 10, 14, and
18 dph. The major exception observed was an inverse relation-
ship between dietary and larval 22:5n-3. The presence of 22:5n-3
in elevated amounts when dietary 22:6n-3 was depressed sug-
gests that elongation of 20:5n-3 may be occurring in an attempt
to raise body concentrations of 22:6n-3. We hypothesize that ac-
cumulation of 22:5n-3 might be an early indicator of 22:6n-3 de-
ficiency in larval fish that precedes a reduction in growth or sur-
vival. A possible role of 22:5n-3 as a biochemical surrogate for
22:6n-3 is discussed.

Paper no. L9372 in Lipids 39, 215–222 (March 2004).

Unlike freshwater fish, the marine fish studied thus far have a
limited ability to convert 18:3n-3 and 18:2n-6 to long-chain
(≥C20) PUFA (LC-PUFA) owing to limited expression of genes
coding for enzymes required in the biosynthesis (1,2). Subse-
quently, marine fish have an essential dietary requirement for
preformed 20:4n-6, 20:5n-3, and 22:6n-3 (1). Marine fish lar-
vae hatch with sufficient stores of FA derived from the egg to

support development up to the first feeding. Even during times
of starvation, body concentrations of 22:6n-3 and 20:4n-6 are
highly conserved in marine larvae (summarized by Izquierdo,
see Ref. 3). Consequently, feeding diets devoid of these long-
chain EFA during the early stages of larval life can often have
little effect on development compared with diets apparently
sufficient in nutrients (4–6). Longer-term feeding of EFA-defi-
cient diets ultimately results in reduced growth and survival,
particularly at key developmental stages such as metamorpho-
sis, a major physiological event in larval fish requiring in-
creased levels of LC-PUFA to accommodate tissue structural
changes (4). 

Although marine fish are limited in their ability to convert
18:3n-3 to 20:5n-3, they have some capacity to convert 20:5n-3
to 22:6n-3, albeit only at low rates (7,8). The conversion of
20:5n-3 to 22:5n-3 generally proceeds quickly via elongase en-
zymes; however, final conversion of 22:5n-3 to 22:6n-3 is far
more complicated, with elongation, desaturation, and chain-
shortening steps all being required, and is a rate-limiting
process. Hence, marine fish fed diets deficient in 22:6n-3 are
unable to completely elongate and desaturate 20:5n-3 to 22:6n-3
rapidly enough to meet requirements, and the intermediate
product, 22:5n-3, accumulates. For example, Bell et al. (9)
found that juvenile herring (Clupea harengus) fed a live food,
Artemia, that was low in 22:6n-3 and 20:5n-3 and completely
void of 22:5n-3, had significant increases of 22:5n-3 in the
eyes. Conversely, herring fed Artemia with sufficient 22:6n-3
and some 22:5n-3 resulted in eyes with markedly higher 22:6n-3,
but only half of the 22:5n-3 of their 22:6n-3-deprived coun-
terparts. Growth was unaffected during the 102-d study, al-
though the ability of the 22:6n-3-deficient herring to feed was
significantly reduced under low light intensities owing to vi-
sual problems, which were attributed to the importance of
22:6n-3 in light-sensitive tissues. Although indicators such as
growth and survival are most often used for quantifying nutri-
ent requirements in the longer term, the work with herring
demonstrated important nutritional effects occurring at a sub-
clinical level. Further, the research by Bell et al. (9) suggests
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that assessing biochemical status by looking at relationships
between dietary levels and tissue FA accumulation and deple-
tion may be useful in assessing nutritional deficiencies in ma-
rine fish larvae. To examine relationships between dietary FA
and tissue FA, dose–response studies with multiple, graduated
treatments are able to provide better insights than often-used
“low” or “high” concentrations of a particular FA. However,
dose–response studies with nutrients are seldom used in larval
fish studies owing to the complexities and costs of enriching
and delivering multiple batches of live feed.

Like most other marine fish larvae (3), the striped trumpeter
(Latris lineata) strongly conserves tissue proportions of 22:6n-3
and 20:4n-6 when feeding is delayed beyond yolk-sac absorp-
tion (5 d post-hatch, dph; Bransden, M.P., unpublished data),
suggesting the essentiality of these FA (3). Our study therefore
aimed to determine the effect of feeding striped trumpeter larvae
on a live feed (rotifers, Brachionus plicatilis) enriched with
seven graduated concentrations of n-3 LC-PUFA, mainly 20:5n-3
and 22:6n-3. Larvae grow quickly, and tissues respond rapidly
to dietary changes during early development. A short feeding pe-
riod from 5 to 18 dph was chosen to minimize possible gross de-
ficiency symptoms such as poor larval survival that could con-
found results. The overall aim was to assess trends in larval body
biochemistry, particularly body levels of 20:5n-3, 22:5n-3, and
22:6n-3, to determine if any of these parameters could be helpful
as early indicators of n-3 LC-PUFA deficiency.

MATERIALS AND METHODS

Live feed enrichment. Seven experimental emulsions were pre-
pared (Nutra-Kol, Western Australia, Australia) by mixing tuna
body oil (TO) and coconut oil to provide incremental concen-
trations of n-3 LC-PUFA (Table 1). A 20:4n-6-rich oil (Vevo-
dar®; DSM Food Specialties, Delft, The Netherlands) was
gradually included as coconut oil replaced TO to ensure that
the dietary concentration of 20:4n-6 remained constant. Final
emulsions contained 0 (0% TO), 90 (9% TO), 182 (18% TO),
274 (27% TO), 366 (37% TO), 458 (46% TO), or 550 (55%
TO) mg TO/g of emulsion. Emulsions were stored at 4°C under
nitrogen prior to use. Rotifers at a density of 500/mL were en-
riched on the emulsions (0.1 g/L) in 20-L plastic containers
with gentle aeration and oxygenation. All enrichments were
conducted for 12 h at 22°C. Samples of rotifers fed each of the
emulsions were collected during the experiment for biochemi-
cal analysis (n = 3). Where appropriate, enriched rotifers are
hereafter referred to as the larval “diet.”

Larval rearing and the experimental system. Striped trum-
peter broodstock were held under controlled light and ambient
temperatures at the Tasmanian Aquaculture and Fisheries Insti-
tute–Marine Research Laboratories, Hobart (10). Eggs were
stripped from one female and fertilized with the milt of four
males. Eggs were incubated at 14°C in 250-L cylindro-conical
tanks with seawater recirculating at ~150 L/h. Eggs were disin-
fected with 1.0 ppm ozone for 60 s at 3 d post-fertilization. Eggs
hatched after 5 d at 14°C, and the temperature was gradually in-
creased to 16°C. 

Larvae were transferred at 2 dph to an experimental unit that
consisted of twenty-four 300-L black hemispherical fiberglass
tanks, on a photoperiod of an 18:6-h light-dark cycle and a
water surface light intensity of ~15 µmol/s/m2. Larvae were
randomly stocked at 4500 larvae/tank. All tanks remained sta-
tic until 5 dph, when filtered seawater was exchanged at a rate
of 100%/d and recirculated at 900%/d. Recirculated water was
screened to remove uneaten rotifers. Triplicate tanks of larvae
received rotifers enriched with one of seven enrichments for
the first time at 1700 h, 5 dph, and thereafter at 0900 and 1700
h each day up to and including 17 dph. Rotifers were fed to lar-
vae at a density of 5 rotifers/mL. Surface skimmers were used
from 7–18 dph to remove surface oil and promote swim blad-
der inflation (11). The antibiotic oxytetracycline (active form,
oxytetracycline hydrochloride) was added daily at 25 ppm from
6 dph until the conclusion of the experiment. Water quality was
measured daily with an average (± SD) temperature of 15.8 ±
0.4°C, salinity 33.4 ± 0.2 ppt, dissolved oxygen 7.6 ± 0.3 mg
O2/L, and pH 8.0 ± 0.2. At 10, 14, and 18 dph, 150 larvae/tank
were removed by siphon for visual assessment of larval quality
(n = 20 larvae) or for biochemical analysis. The larvae were
sampled in the dark prior to feeding to ensure that no residual
gut contents remained, and gut evacuation was confirmed dur-
ing microscopic assessment. 

All aspects of the trial were conducted in accordance with
University of Tasmania Animal Ethics guidelines in relation to
research on experimental animals (UTas Animal Ethics Ap-
proval: A0005845).

Biochemical analysis. Samples of rotifers were collected on
a 63-µm mesh screen, washed with 0.5 M ammonium formate
to remove residual sea water (12), transferred to vials, and im-
mediately frozen in liquid nitrogen before being transferred to
a freezer at –80°C. A known number (30–50) of anesthetized
striped trumpeter larvae were collected on a preweighed glass
microfiber filter, washed with ammonium formate, immedi-
ately frozen in liquid nitrogen, and subsequently stored at
–80°C. Samples were freeze-dried to a constant weight imme-
diately prior to biochemical analysis. 

FAME were formed by a direct transesterification process,
which had been validated for a microheterotroph (13) and for
striped trumpeter larvae and rotifers (Bransden, M.P., and Dun-
stan, G.A., unpublished data) against a conventional extraction
(14), followed by transesterification. Freeze-dried samples were
directly transesterified with a solution of methanol/chloroform/
hydrochloric acid (10:1:1, by vol) at 80°C for 2 h. FAME were
extracted using three washes of hexane/chloroform (4:1,
vol/vol), concentrated under a stream of nitrogen gas, and an
internal standard (methyl tricosanoate) was added. FAME were
analyzed by GC using a Hewlett-Packard 5890A gas chromato-
graph fitted with a split/splitless injector, an HP 7673 autosam-
pler, an FID, and an HP-5 cross-linked methyl silicone fused-
silica capillary column (50 m × 0.32 mm i.d.; Hewlett-Packard,
Palo Alto, CA). Helium was the carrier gas. Oven temperature
was held at 50°C for 1 min before being raised to 150°C at
30°C/min, then to 250°C at 2°C/min, and finally to 300°C at
5°C/min. FA were quantified using Waters Millenium software
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(Milford, MA), with the percentage of individual components
expressed as the uncorrected percentage of the total area. Indi-
vidual components were identified by comparing retention times
and mass spectral data [Finnigan ThermoQuest GCQ gas chro-
matograph–mass spectrometer (Austin, TX) fitted with an on-
column injector, configured as above] with data obtained for au-
thentic and laboratory standards. 

Statistics. Significant differences between larval FA concen-
trations at 18 dph were determined by performing one-way

ANOVA followed by a Tukey–Kramer honestly significant dif-
ferences multiple comparison of means. Assumptions of
ANOVA were assessed by the Shapiro–Wilk test to determine
whether residuals were normally distributed, and Bartlett’s test
was used to determine the homogeneity of variance. Regression
analysis was performed using a second-order polynomial. Statis-
tical significance was accepted at P < 0.05. Statistical analyses
were performed using JMP® version 5.1 (SAS Institute Inc.,
Cary, NC) statistical software and Microsoft® Excel 2000. 
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TABLE 1
Formulation (mg/g) of Experimental Emulsions Used to Enrich Rotifers, and the Resultant FA Profile of Rotifers (mg/g DM)

Enrichment 0% TO 9% TO 18% TO 27% TO 37% TO 46% TO 55% TO

Composition
TOa 0.0 90.0 182.0 274.0 366.0 458.0 550.0
Coconut oil 530.0 443.0 354.5 266.0 177.0 88.5 0.0
Vevodar®b 20.0 17.0 13.5 10.0 7.0 3.5 0.0
Ascorbic acidc 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Mixed tocopherolsd 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Othere 390.0 390.0 390.0 390.0 390.0 390.0 390.0

Rotifer FA
12:0 27.75 16.75 12.65 8.96 4.23 1.51 0.11
14:0 16.83 13.42 11.64 10.11 6.57 4.20 2.59
16:0 13.86 13.77 14.83 16.35 15.57 15.88 16.57
18:0 3.99 3.86 3.89 4.20 3.88 3.87 3.88
Total SFAf 63.55 49.15 44.66 41.55 32.23 27.59 25.43

16:1n-7 7.07 5.97 6.94 7.64 7.23 7.36 7.57
18:1n-9g 16.38 16.57 17.43 18.95 17.79 18.09 17.88
18:1n-7 1.97 1.95 2.18 2.49 2.49 2.57 2.72
20:1n-9 2.67 2.35 2.43 2.50 2.34 2.38 2.33
22:1n-9 0.66 0.63 0.63 0.63 0.60 0.61 0.62
Total MUFAh 32.38 31.49 34.08 37.30 35.55 36.47 36.74

18:2n-6 12.42 10.85 10.13 10.05 9.05 8.80 8.40
20:2n-6 0.87 0.77 0.74 0.75 0.63 0.64 0.62
20:3n-6 0.71 0.62 0.60 0.63 0.56 0.55 0.57
20:4n-6 3.97 3.29 3.27 3.26 2.92 2.89 2.85
22:5n-6 0.09 0.24 0.40 0.55 0.65 0.76 0.86
Total n-6i 18.68 16.37 15.74 15.90 14.42 14.63 13.96

18:4n-3 0.06 0.14 0.31 0.45 0.52 0.65 0.73
20:4n-3 0.64 0.76 0.89 1.06 1.03 1.14 1.18
20:5n-3 4.54 4.62 5.75 6.92 7.05 7.90 8.36
22:5n-3 2.60 2.80 3.01 3.33 3.26 3.51 3.66
22:6n-3 1.91 5.05 8.25 11.20 12.72 14.99 16.42
24:6n-3 0.04 0.06 0.09 0.10 0.11 0.11 0.12
Total n-3 LC-PUFA 10.03 13.58 18.24 22.94 24.51 28.00 30.16
Total n-3j 10.09 13.73 18.55 23.39 25.03 28.66 30.88

Total PUFAk 30.42 31.76 35.93 41.12 41.16 44.98 46.63
Total FA 126.39 112.47 114.75 120.05 109.03 109.15 108.91
n-3/n-6 0.54 0.83 1.17 1.48 1.75 1.99 2.25

aClover Corporation, Victoria, Australia.
bDSM Food Specialties, Delft, The Netherlands.
cCognis Australia Pty. Ltd., Victoria, Australia.
dHoffman-La Roche, NSW, Australia.
eOther components not contributing to vitamins or lipid profile (commercial in confidence, Nutra-Kol, Western Australia).
fTotal SFA also includes 15:0, 17:0, 20:0, 22:0, and 24:0.
gIncludes 18:3n-3 as a minor component.
hTotal MUFA also includes 15:1, 16:1, 16:1n-7t, 16:1n-5, 17:1, 18:1, 18:1n-7t, 18:1n-5, 19:1n-10, 19:1n-8, 20:1n-11, 20:1n-7, 22:1n-11, 22:1n-7, 24:1n-9,
and 24:1n-7.
iTotal n-6 also includes 18:3n-6, 22:4n-6, and 22:3n-6.
jTotal n-3 also includes 21:5n-3 and 22:4n-3.
kTotal PUFA also includes 18:3n-6, 18:2, 21:5n-3, 22:4n-6, 22:3n-6, and 22:4n-3.
TO, tuna oil; SFA, saturated FA; MUFA, monounsaturated FA; LC, long chain (≥C20); DM, dry matter.
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RESULTS

Rotifer FA profile. The FA profiles of rotifers changed consid-
erably depending on the relative amounts of the three oils (tuna,
coconut, or Vevodar) that were contributing to the FA compo-
sition of the emulsions. Approximately half of the total FA
(TFA) in rotifers consisted of saturated FA (SFA) when coconut
was the primary component of the emulsion, and this was grad-
ually replaced with monounsaturated FA (MUFA) and n-3 LC-
PUFA as more was included (Table 1). Despite limited n-3 LC-
PUFA in the ingredients used to produce the 0% TO emulsion,
some n-3 LC-PUFA [10 mg/g dry matter (DM)] were still
found in rotifers enriched in this product, whereas the 55% TO
emulsion produced a rotifer with 30 mg/g DM of n-3 LC-
PUFA. The 22:6n-3 content in the rotifers ranged between 2
and 16 mg/g DM, whereas the 22:5n-3 concentration ranged
from 2.6 to 3.7 mg/g DM, with increasing amounts as more TO
was included in the emulsion.

Larval performance and FA profiles. There was no signifi-
cant relationship (P > 0.05) between dietary n-3 LC-PUFA to
dry weight of larvae (overall mean ± SD, 314.4 ± 24.3 µg) and
larval survival (61.3 ± 6.4%) at 18 dph.

The FA profile of larvae at 1, 5, and 18 dph is provided in
Table 2. Significant differences (ANOVA) were detected for
most FA at 18 dph, with larvae fed the experimental diets hav-
ing FA profiles that generally reflected the feeds. The ranges of
20:4n-6, 20:5n-3, and 22:6n-3 concentrations (0–55% TO)
were 6.5–4.8, 5.6–8.5, and 9.8–30.3 mg/g DM, respectively. 

In general, significantly positive regressions were identified
at all sampling points for most larval FA and their corresponding
dietary FA on an absolute (mg/g DM) or relative (g/100 g total
FA) basis, although only regressions for 20:5n-3, 22:5n-3, and
22:6n-3 are shown here (Figs. 1A–I). The concentration of larval
20:5n-3 was generally similar, between 10 (Fig. 1A) and 14 dph
(Fig. 1B), and then increased at 18 dph (Fig. 1C). The range of
larval 22:6n-3 concentrations increased over the duration of the
experiment, ranging from 14–27 mg/g DM (0–55% TO) at 10
dph, and increasing to 9–30 mg/g DM (0–55% TO) at 18 dph. In
contrast to what was observed for all other FA, an inverse rela-
tionship between larval and dietary 22:5n-3 was recorded. Al-
though no significant relationship was detected for 22:5n-3 at 10
dph (Fig. 1G), significant polynomial regressions were found at
14 (Fig. 1H) and 18 dph (Fig. 1I). 

DISCUSSION 

Significant relationships were found between dietary FA and
the FA composition of the larvae throughout the present trial,
which is consistent with other studies on larval marine fish
(15–17). Notably, the deposition of 20:5n-3 and 22:6n-3 in lar-
val tissues relative to the diet was generally linear at 10, 14,
and 18 dph. At 10 dph, no relationship was found between di-
etary and larval 22:5n-3. However, at 14 and 18 dph an inverse
relationship was observed that did not occur with any other FA.
Accumulation of 22:5n-3 has been recorded in other larval ma-
rine fish when dietary 22:6n-3 is low, although these experi-

ments have often investigated “high” and “low” dietary 22:6n-3
treatments rather than the graded approach used here. Thus, Fu-
ruita et al. (18) used three 22:6n-3 concentrations in the live
food Artemia fed to Japanese flounder (Paralichthys olivaceus)
and found an inverse relationship between larval body 22:5n-3
and dietary 22:6n-3, despite very low dietary (Artemia) levels
of 22:5n-3, suggesting that conversion of 20:5n-3 to 22:5n-3
was increased in the larvae as dietary 22:6n-3 was decreased.
Similarly, Izquierdo et al. (19) observed increased levels of
22:5n-3 in Japanese flounder when dietary 22:6n-3 was low.
An increase in 22:5n-3 in the combined brain and eyes of white
bass (Morone chrysops) that was inversely related to dietary
(Artemia) 22:5n-3 and 22:6n-3 also has been reported (20), as
has an accumulation of 22:5n-3 in 22:6n-3-deficient herring, as
described previously (9).

In the present trial, the highest concentration of 22:5n-3 was
found in the larvae at 18 dph when the concentration of dietary
22:6n-3 was at it lowest (0% TO diet). In the larvae fed higher
dietary levels of 22:6n-3, the accumulation of 22:5n-3 was re-
duced. The inverse trend in 22:5n-3 accumulation became more
evident as the larvae developed. This temporal variation in larval
22:5n-3 concentration suggests either that larvae are less effi-
cient in the elongation of 20:5n-3 early in their development, or
that critical points in tissue 22:6n-3 concentration are reached,
triggering the need for in vivo 22:6n-3 production. Ruyter and
Thomassen (21) showed that the conversion of 18:3n-3 to 20:5n-3
and 22:6n-3 increases in livers of Atlantic salmon (Salmo salar)
under conditions of dietary and presumably tissue deprivation of
22:6n-3. This enhanced conversion of 20:5n-3 to 22:5n-3 under
conditions of 22:6n-3 deficiency would explain the temporal
trends in body FA composition in the present experiment. The
increase in body 22:5n-3 in larvae fed 46 and 55% TO that re-
sults in an inflexion of the polynomial curve (Fig. 1I) probably
represents deposition of 22:5n-3-from the diet under normal di-
etary 22:6n-3-sufficient conditions.

All of the 11 species of marine fish studied thus far have a
strict dietary requirement for 20:5n-3 and 22:6n-3, and probably
also 20:4n-6 (1). However, in vivo studies and in vitro cell cul-
ture studies using radioactive precursors, particularly with turbot
(Scopthalmus maximus) and sea bream (Sparus aurata), have
shown very low but significant rates of conversion of 18:3n-3 to
20:5n-3, and especially of 20:5n-3 to 22:5n-3 and 22:6n-3, and
also the presence of very low ∆6- and ∆5-desaturase and PUFA
elongase activities (1). However, the rates of conversion of C18
to C20 and of C20 to C22 n-3 PUFA by marine fish are far below
those necessary to meet the dietary requirements of the fish for
20:5n-3 and 22:6n-3. Although such detailed studies have not
been conducted in the striped trumpeter, there is no reason to
suggest that this species is fundamentally different from those
marine species studied thus far. Indeed, the accumulation of
22:5n-3 under conditions of 22:6n-3 deprivation in the striped
trumpeter is to be expected on the basis of current knowledge of
the nutritional biochemistry of fish and the various feeding stud-
ies with marine fish referred to earlier. It is interesting to note
that although there was an accumulation of tissue 22:5n-3, sub-
sequent elongation and desaturation products were generally
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FIG. 1. The relationship between rotifer FA [mg/g dry matter (DM), x-axis] and larval FA (mg/g DM, y-axis) for 20:5n-3 (A–C), 22:6n-3 (D–F), and
22:5n-3 (G–I) at 10, 14, and 18 d post-hatch (dph). Each value (●●) represents a replicate from a treatment. Second-order polynomials were fitted to
the data. The x- and y-axes do not necessarily begin at zero.



found in only trace amounts. It has been established that the
22:5n-3 accumulating in juvenile herring fed diets deficient in
22:6n-3 is present in tissue (eye) phospholipids (9), so it is possi-
ble that 22:5n-3 may be used as a temporary or best-available
surrogate for 22:6n-3 in tissue phospholipids when the diet is de-
ficient in the latter. Indeed, 22:5n-3 may exhibit biochemical
characteristics more similar to 22:6n-3 than to C24 n-3 PUFA or
its precursor 20:5n-3. Alternatively, accumulation of 22:5n-3
also may be related to the conversion of 20:5n-3 to 22:5n-3, oc-
curring more readily than the further conversion of 22:5n-3 to
22:6n-3 via 24:5n-3 and 24:6n-3. Regardless, we hypothesize
that the accumulation of 22:5n-3 with constant or reduced 22:6n-3
in larval fish tissues may be an early indicator of n-3 PUFA defi-
ciency.

To our knowledge, this is the first experiment in marine fish
larvae to use multiple (seven) dietary n-3 PUFA concentrations
to demonstrate a direct, inverse relationship between dietary
22:6n-3 and the deposition of 22:5n-3 in the tissues. Although
other studies have demonstrated an accumulation of 22:5n-3
when dietary 22:6n-3 is low, this is usually in response to a sin-
gle deficient treatment, rather than the graded dose–response
technique described herein. Consequently, in those studies a
clear pattern of dose and response is not available. In the present
trial, combined totals of tissue 20:5n-3 and 22:5n-3 were almost
constant regardless of diet, with actual proportions seemingly
associated with dietary 22:6n-3. Therefore, we propose that the
inverse relationship between tissue 22:5n-3 and dietary 22:6n-3
indicates elongation of 20:5n-3 when dietary 22:6n-3 is insuffi-
cient, as well as a cessation in the elongation of 20:5n-3 when
the dietary 22:6n-3 requirement is met. Additionally, we hypoth-
esize that the accumulation of 22:5n-3 in tissues might be used
as an early indicator of 22:6n-3 deficiency in larval fish. The low-
est point in the polynomial relationship (Fig. 1I) occurs in larvae
fed the 37% TO diet, which contained 12.7 mg 22:6n-3/g DM,
and may provide some indication of the minimum dietary re-
quirement of 22:6n-3 for 18-dph striped trumpeter larvae. This
value is in the range normally recorded for dietary 22:6n-3 re-
quirements of other larval marine fish, although these studies
have generally used growth or survival as the requirement crite-
rion (3). Gross clinical signs such as growth and survival, or
subclinical signs such as visual capability and stress resistance,
during longer studies on striped trumpeter larvae subjected to
similar treatments are required to substantiate our hypothesis that
22:5n-3 accumulation may be an indication of actual or incipient
22:6n-3 deficiency. Further, in vitro or in vivo studies to eluci-
date why the striped trumpeter accumulates 22:5n-3 in prefer-
ence to further elongated and desaturated n-3 LC-PUFA, and in-
deed to determine if 22:6n-3 can be produced at all from 20:5n-3,
are required. Such studies are important in future EFA nutritional
research on larvae and post-larvae of the striped trumpeter and
marine teleost fish in general. 
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ABSTRACT: Five groups of salmon, of initial mean weight 
127 ± 3 g, were fed increasing levels of dietary linseed oil (LO)
in a regression design. The control diet contained capelin oil
(FO) only, and the same oil was blended with LO to provide the
experimental diets. After an initial period of 40 wk, all groups
were switched to a finishing diet containing only FO for a fur-
ther 24 wk. Growth and flesh lipid contents were not affected
by dietary treatment. The FA compositions of flesh total lipids
were linearly correlated with dietary FA compositions 
(r2 = 0.88–1.00, P < 0.0001). LO included at 50% of added di-
etary lipids reduced flesh DHA and EPA (20:5n-3) concentra-
tions to 65 and 58%, respectively, of the concentrations in fish
fed FO. Feeding 100% LO reduced flesh DHA and EPA concen-
trations to 38 and 30%, respectively, of the values in fish fed FO.
Differences between diet and flesh FA concentrations showed
that 16:0, 18:1n-9, and especially DHA were preferentially re-
tained in flesh, whereas 18:2n-6, 18:3n-3, and 22:1n-11 were
selected against and presumably utilized for energy. In fish pre-
viously fed 50 and 100% LO, feeding a finishing diet containing
FO for 16 wk restored flesh DHA and EPA concentrations, to
~80% of the values in fish fed FO throughout. Flesh DHA and
EPA concentrations in fish fed up to 50% LO were above rec-
ommended intake values for humans for these EFA. This study
suggests that LO can be used as a substitute for FO in seawater
salmon feeds and that any reductions in DHA and EPA can be
largely overcome with a finishing diet high in FO before harvest.

Paper no. L9420 in Lipids 39, 223–232 (March 2004).

The importance of the n-3 PUFA, and specifically the n-3
highly unsaturated FA (HUFA) DHA (22:6n-3) and EPA
(20:5n-3), in human nutrition is now widely recognized (1,2).
There is also increasing evidence that a range of conditions
currently prevalent in the developed world, including cardio-
vascular disease, diabetes, rheumatoid arthritis, neurological
disorders, and metabolic disorders such as diabetes and obe-
sity, are influenced by changes in dietary FA intake (3).

Fish, particularly those with high levels of body fat, such
as salmon, herring, and sardines, represent a rich source of
EPA and DHA for the human consumer. Owing to increased
population pressure, worldwide demand for seafood is in-

creasing, yet traditional food-grade fisheries are unable to
match demand with supply (4). Increased demand has resulted
in rapid expansion of aquaculture production to alleviate this
potential seafood deficit (5,6). However, the feed-grade fish-
eries that have supplied the raw materials for aquaculture feeds
have reached sustainable limits, and it is estimated that by the
year 2010 more than 85% of world fish oil (FO) supplies will
be used for aquaculture production (7). Consequently, contin-
ued expansion of the aquaculture industry can occur only if
sustainable alternatives to FO, derived from terrestrial plants,
are researched and implemented.

The lipids in feeds for Atlantic salmon must meet both en-
ergy and EFA requirements to allow for the rapid growth and
development required in modern aquaculture production
(8,9). Earlier studies on β-oxidation activity suggest that
salmonid fish have a preference for 16:0, 16:1, 18:1n-9, and
22:1n-11, as well as 18:2n-6 (10,11), although more recent
studies with salmon and rainbow trout suggest that 18:3n-3
and 20:5n-3 may also be utilized for energy production when
present at higher concentrations (12–14). The high-latitude
FO that are currently favored in salmon production are very
rich in 20:1n-9 and 22:1n-11, whereas different vegetable oils
are rich in 16:0, 18:1n-9, 18:2n-6, and 18:3n-3. Several re-
cent studies have shown that salmon can be cultured for up to
30 wk using diets formulated with up to 100% replacement
of added FO by vegetable oils (15–18). The ability to convert
C18 PUFA to their long-chain HUFA products has been con-
firmed in Atlantic salmon, as has the up-regulation of these
pathways in hepatocytes and enterocytes of fish fed vegetable
oil-containing diets (19,20). However, the increased flux
through the FA desaturation and elongation pathway is un-
likely to compensate fully for reduced dietary EPA, DHA, and
possibly arachidonic acid requirements; thus, a sufficient di-
etary supply of these HUFA will need to be provided (12,13).

Atlantic salmon fed diets containing raw materials of pre-
dominantly marine origin are of high nutritional quality,
being rich in EPA and DHA and with an n-3/n-6 ratio of
around 4:1 (21,22). Recent studies have shown that salmon
cultured using diets in which >50% of added FO has been re-
placed with vegetable oil show significant reductions in flesh
EPA and DHA concentrations (14–17). Obviously, from a
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human health perspective, any changes to n-3 HUFA content
should be kept to a minimum, and any FO replacement should
provide sufficient energy alternatives to long-chain mono-
enes, maximize conversion of dietary 18:3n-3, and preserve
endogenous n-3 HUFA levels. In this regard, linseed oil (LO)
is an important candidate for FO replacement, not only be-
cause it is rich in 18:3n-3, the precursor for n-3 HUFA, but
also because 18:3n-3 is a favored substrate for β-oxidation
both in salmonid fish and in mammals (12–14,23). Further-
more, increasing salmon flesh concentrations of 18:3n-3
should not be perceived as detrimental, from a human nutri-
tion perspective, as 18:3n-3 has been shown to be beneficial
in cardiovascular disease and some forms of cancer (24), pos-
sibly due to inhibition of the conversion of 18:2n-6 to 20:4n-6
and the inhibition of cyclooxygenase (25,26). The aim of this
study was to determine the effects of replacing FO with LO,
in a graded fashion, in terms of growth performance and,
more importantly, to assess the changes in flesh FA composi-
tion that arise from LO inclusion. The relevance of reducing
EPA and DHA concentrations, as well as increasing 18:2n-6
and 18:3n-3 concentrations, is discussed in the context of
human nutrition. In addition, the successful restoration of
EPA and DHA levels by feeding a FO finishing diet are rele-
vant to human nutrition and to future production protocols for
cultured Atlantic salmon.

In the present study, Atlantic salmon post-smolt were
stocked into five seawater pens and fed one of four diets
containing 25, 50, 75, or 100% LO, or a control diet con-
taining only FO. The fish were grown for 40 wk before
sampling, and thereafter fish on all treatments were
switched to a diet containing only FO for a further 24 wk
to follow the accumulation of DHA and EPA and the dilu-
tion of 18:3n-3 and 18:2n-6 from LO.

MATERIALS AND METHODS

Fish and diets. Atlantic salmon post-smolt (n = 3000) of ini-
tial mean weight 127 ± 3 g (individual weights of 50 fish/pen)
were distributed into five net pens (5 × 5 m; 600 fish/pen) in
Loch Duich, Lochalsh, Scotland, in June 2001. The tempera-
ture over the experimental period (June 2001–December
2002) ranged from 5.0 to 16.8°C, with a mean temperature of
10.8 ± 2.2°C. The fish were fed one of four experimental diets
in which the FO component was replaced by LO or a control
diet containing only FO (capelin oil). Specifically, the five
diets were 100% FO (FO); FO/LO, 3:1 w/w (25% LO);
FO/LO, 1:1 w/w (50% LO); FO/LO, 1:3 w/w (75% LO); and
100% LO. Feeds were fed to satiation by hand twice a day for
a period of 40 wk and all feed fed was recorded. After this
time, samples of fish were collected for analysis, and the re-
maining fish were all switched to the FO diet for a further 24
wk. The 24-wk time frame was chosen to allow as long as
possible for the restoration of a marine FA profile and also so
that fish did not exceed the normal market weight (5 kg). We
were aware that the regression experimental design, with only
one replicate per treatment, had statistical limitations. How-

ever, this compromise was made to allow growth from 150 g
to 2 kg over a period of 40 wk on a commercial scale at rea-
sonable cost. The data obtained are still highly relevant to
both the aquaculture industry and to human nutrition. The five
practical diet types (Nutreco Aquaculture Research Centre,
Stavanger, Norway) were formulated  to fully satisfy the nu-
tritional requirements of salmonid fish and differed only in
their oil composition (27). The main dietary components (in
g kg–1) were fishmeal, 338; capelin oil, 0–258, and/or linseed
oil 0–258; maize gluten, 200; soy meal, 100; and micro-
nutrients, 25. The diets were produced in 3-, 6- and 9-mm
sizes and had average proximate compositions of 44.1 ± 0.3%
crude protein, 29.4 ± 0.6% crude lipids, 7.1 ± 0.45% ash, and
5.9 ± 0.3% moisture. The FA compositions of the experimen-
tal diets are shown in Table 1. The FO diet containing capelin
oil contained about 20% saturates, mainly 16:0, and almost
60% monoenes, of which 50% were the long-chain 20:1n-9
and 22:n-11. The FO diet contained 5% n-6 FA, mostly 18:2n-
6, and 16% n-3 FA, dominated by EPA and DHA in almost
equal amounts and with 18:3n-3 less than 1%. Addition of in-
creasing levels of dietary LO resulted in increasing levels of
18:3n-3, 18:2n-6, and 18:1n-9 and decreasing levels of EPA,
DHA, 16:0, total saturates, 20:1n-9, 22:1n-11, and total
monoenes. Thus, the 100% LO diet contained 10% total satu-
rates, 21% total monoenes, 15% 18:2n-6, and 50% 18:3n-3,
with EPA and DHA accounting for only 2.5% of total dietary
FA.
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TABLE 1
FA Compositions (g FA/100 g total FA) and Astaxanthin 
Concentrations (mg/kg) in Experimental Diets

FA FO 25% LO 50% LO 75% LO 100% LO

14:0 6.3 4.7 3.4 2.0 0.4
16:0 12.1 10.6 9.3 8.1 6.1
18:0 1.1 1.7 2.1 2.7 3.1
Total saturatesa 19.9 17.2 15.1 13.0 10.5
16:1n-7 8.1 6.1 4.2 2.3 0.5
18:1n-9 11.9 13.6 15.1 16.0 17.0
18:1n-7 3.3 2.6 2.2 1.6 1.0
20:1n-9 17.9 13.1 9.0 5.0 1.1
22:1n-11 13.3 10.1 7.1 4.3 1.1
22:1n-9 2.1 1.5 1.0 0.5 0.1
Total monoenesb 58.4 48.4 39.6 30.5 21.1
18:2n-6 4.2 7.4 9.8 12.3 15.1
20:4n-6 0.2 0.2 0.1 0.1 0.1
Total n-6c 5.0 8.0 10.2 12.6 15.2
18:3n-3 0.9 14.0 25.6 37.8 50.4
18:4n-3 2.9 2.1 1.6 0.9 0.2
20:3n-3 0.1 0.1 0.1 0.1 0.1
20:4n-3 0.4 0.3 0.2 0.2 0.1  
20:5n-3 5.9 4.6 3.5 2.2 1.0
22:6n-3 5.0 4.0 3.4 2.4 1.5
Total n-3d 15.7 25.6 34.6 43.7 53.3
Total PUFA 21.7 34.4 45.3 56.5 68.5
n-3/n-6 3.1 3.2 3.4 3.5 3.5
Astaxanthin (mg/kg) 56.9 61.8 66.6 72.2 68.7

aIncludes 15:0, 17:0, 20:0, and 22:0. 
bIncludes 16:1n-9, 20:1n-11, 20:1n-7, 22:1n-13, and 24:1.
cIncludes 20:2n-6, 20:3n-6, and 22:5n-6.
dIncludes 20:3n-3, 20:4n-3, and 22:5n-3. FO, fish oil; LO, linseed oil.



Sampling procedures. After 40 wk, 18 fish were selected
from each treatment and killed by a blow to the head after
anesthetizing them with MS222 (Sigma-Aldrich, Poole, Eng-
land). A sample of flesh, representative of the edible portion,
was obtained by cutting a steak between the leading and trail-
ing edges of the dorsal fin. The samples were combined as six
pools of three steaks in each pool. The steaks were frozen on
dry ice and stored at –40°C until processed. The steaks were
thawed, skinned, and deboned, and the flesh was homoge-
nized in a food processor after removal of the dorsal fat body.
The homogenate was frozen immediately and stored at –40°C
prior to analysis. During the period in which fish from all
treatments were returned to a FO diet, samples were collected
after 4, 8, 16, and 24 wk following reintroduction of the FO
diet. At each time point, nine fish were sampled from each
treatment group and were combined as three pools of three
steaks in each pool. The steaks were processed and stored as
described above.

Lipid extraction and FA analysis. Total lipids were ex-
tracted from 2 g of homogenized muscle by homogenizing in
20 vol of chloroform/methanol (2:1, vol/vol) in an Ultra-
Turrax tissue disrupter (Fisher Scientific, Loughborough,
United Kingdom). Total lipids were prepared according to the
method of Folch et al. (28), and nonlipid impurities were re-
moved by washing with 0.88% (wt/vol) KCl. The weight of
lipids was determined gravimetrically after evaporation of the
solvent and overnight desiccation in vacuo. FAME were pre-
pared by acid-catalyzed transesterification of total lipids
according to the method of Christie (29). Extraction and pu-
rification of FAME were performed as described by Ghioni et
al. (30). FAME were separated and quantified by GLC (Vega
8160; Carlo Erba, Milan, Italy) using a 30 m × 0.32 mm i.d.
capillary column (CP Wax 52CB; Chrompak, London, United
Kingdom) and on-column injection. Hydrogen was used as
the carrier gas, and temperature programming was from 50 to
150°C at 40°C min–1 and then to 230°C at 2.0°C min–1. Indi-
vidual methyl esters were identified by comparison with
known standards and by reference to published data (30,31).
Data were collected and processed using the Chromcard for
Windows (version 1.19) computer package (Thermoquest
Italia S.p.A., Milan, Italy).

Statistical analysis. The significance of differences (P <
0.05) between dietary treatments was determined by one-way
ANOVA. Differences between means were determined by
Tukey’s test. Data identified as nonhomogeneous, using
Bartlett’s test, were subjected to log or arcsin transformation
before applying the ANOVA. A regression analysis was used
to obtain correlation coefficients and slopes from plots of di-
etary vs. flesh FA concentrations. ANOVA and the regression
analysis were performed using a Graphpad Prism™ (version
3.0) statistical package (Graphpad Software, San Diego, CA).

RESULTS

After feeding the five diets for 40 wk, the final weights of the
fish were 1.79 ± 0.40 (FO), 1.89 ± 0.34 (25% LO), 1.90 ± 0.33

(50% LO), 1.87 ± 0.35 (75% LO), and 1.87 ± 0.33 kg (100%
LO); there were no significant differences between dietary
treatments (P = 0.156, n = 87). Specific growth rates were
very similar (% weight gain d–1), varying from 0.94 (FO) to
0.98 (25% LO), and feed conversion ratios (dry feed con-
sumed/wet weight gain) varied from 1.29 (25 and 75% LO)
to 1.41 (50% LO). Flesh lipid contents varied from 7.4 ±
1.4% (FO) to 8.8 ± 1.7% (25% LO), and flesh astaxanthin
contents varied from 3.31 ± 0.58 (FO) to 3.60 ± 0.49 mg kg–1

(50% LO). These values showed no significant differences
between dietary treatments. After feeding the finishing diet
for 24 wk, the final weights of the fish were 4.50 ± 0.71 (FO),
4.68 ± 0.62 (25% LO), 4.72 ± 0.79 (50% LO), 4.48 ± 0.80
(75% LO), and 4.58 ± 0.67 kg (100% LO); and there were no
significant differences between dietary treatments (P = 0.783,
n = 20). Specific growth rates were very similar (% weight gain
d–1), varying from 0.51 (75% LO) to 0.55 (100% LO), and
feed conversion ratios (dry feed consumed/wet weight gain)
varied from 1.05 (75% LO) to 1.14 (50% LO). Flesh lipid con-
tents varied from 9.6 ± 1.1% (100% LO) to 13.0 ± 2.3% (50%
LO). These values showed no significant differences between
dietary treatments.

Flesh FA compositions: 40 wk feeding LO-containing
diets. The FA compositions of flesh total lipids reflected the
changes in dietary FA attributable to increasing inclusion of
LO (Table 2). Total saturated FA decreased significantly with
increasing LO inclusion, largely because of significant reduc-
tions in both 14:0 and 16:0, although 18:0 was increased with
the addition of LO. Total monoene FA were reduced by more
than half in fish fed 100% LO compared with those fed FO
owing to significant reductions in 16:1n-7, 20:1n-9, and
22:1n-11 with each addition of dietary LO. Total n-6 FA were
increased by more than twofold, largely due to 18:2n-6 in-
creasing from 3.9 g/100 g of FA in flesh from fish fed FO to
13.1 g/100 g in fish fed 100% LO. Flesh 20:4n-6 concentra-
tions were significantly lower in fish fed 75 and 100% LO
compared with those fed FO. Total n-3 FA were increased sig-
nificantly with each addition of LO, largely because of in-
creased flesh deposition of 18:3n-3, although the elongation
and desaturation products, 20:3n-3 and 20:4n-3, were also in-
creased significantly. However, both EPA and DHA were sig-
nificantly reduced in the flesh from fish fed LO, with values
for EPA and DHA in fish fed 100% LO being reduced to 30
and 38% of values in fish fed FO. The n-3/n-6 ratios were
similar for all treatments, being in the range of 3.2–3.6.

Plotting the FA concentration (g/100 g) in flesh lipids (Table
2) against the FA concentration in dietary lipids (Table 1)
resulted in linear regressions, as shown in Figures 1 and 2.
These graphs demonstrate that concentrations of dietary FA
were linearly correlated with flesh FA concentrations, with r2

values in the range of 0.966–0.999; different slope values in-
dicate that the relationship between dietary and flesh FA con-
centrations was different for each FA (Table 3). This is shown
more clearly in Table 3 by comparing the differences (∆ val-
ues) between the concentrations of individual FA in dietary
and flesh lipids for fish fed the FO, 50% LO, and 100% LO
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diets. For all the PUFA and HUFA listed in Table 3, only
DHA was present in flesh at a greater concentration than in
the diet for all three treatments. This situation is in contrast
with both 18:3n-3, which was always present in flesh at a
lower concentration than in the diet, and 20:5n-3, which had
a higher value in flesh than in the diet only when diet concen-
trations were low. Palmitic acid (16:0), total saturates, and
18:1n-9 all showed positive ∆ values for each of the three
diets, suggesting that both saturated FA and 18:1n-9 were
being preferentially retained by the fish. In contrast, 18:2n-6,
18:3n-3, 20:1n-9, and 22:1n-11 were generally discriminated
against in terms of flesh deposition, particularly when present
at high concentrations in the diet. 

Flesh FA compositions: 24 wk feeding a FO finishing diet
in all dietary treatments. By returning all experimental treat-
ments to a FO-containing diet for 24 wk, following the initial
40 wk feeding phase, the differences between flesh FA com-
positions were reduced (Table 4). The concentrations of 16:0
and total saturates were significantly higher only in fish fed
FO throughout compared with those previously fed 75 and
100% LO. A similar result was seen for 16:1n-7; 20:1n-9 and
22:1n-11 were significantly different for all treatment groups,
although fish previously fed 75% LO were not different from
those fed 50 or 100% LO. Concentrations of total monoenes
showed similar differences, but the concentration in fish pre-
viously fed 100% LO was restored to 80% of the value in fish

fed FO throughout. The 18:2n-6 and total n-6 FA concentra-
tions were not different between fish fed either FO or 25%
LO, and these two treatments were significantly lower than
fish previously fed 75 and 100% LO. Concentrations of flesh
20:4n-6 were restored to similar values for all dietary treat-
ments. The flesh concentrations of 18:3n-3 were significantly
higher in fish previously fed 75 and 100% LO compared with
fish previously fed 50% or 25% LO or FO. The concentration
of EPA was significantly higher in fish fed FO throughout
compared with those previously fed 50, 75, and 100% LO. In
addition concentrations of 22:5n-3 were significantly higher
in fish fed FO throughout compared with all other treatments,
which had similar concentrations. The concentration of flesh
DHA was significantly higher in fish fed FO throughout
compared with fish previously fed 50 and 100% LO. Con-
centrations of total n-3 FA were significantly higher in fish
previously fed 75 and 100% LO compared with fish fed the
other three diets.

After feeding the experimental diets for 40 wk, the flesh
18:2n-6 concentrations were significantly different among
fish fed FO, 50% LO, and 100% LO (Fig. 3A), with the high-
est values in fish fed 100% LO being 236% higher than those
in fish fed FO. After feeding the FO-containing finishing diet
in all treatments, the 18:2n-6 concentrations were still signifi-
cantly different between treatments after 56 and 64 wk. How-
ever, after 64 wk the 18:2n-6 concentrations in fish previously
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TABLE 2
Total Lipid FA Compositionsa (g FA/100 g total FA) of Flesh from Atlantic Salmon Fed the LO 
Experimental Diets for 40 wk

FA FO 25% LO 50% LO 75% LO 100% LO

14:0 4.7 ± 0.2a 3.9 ± 0.1b 2.9 ± 0.1c 0.8 ± 0.1d 0.7 ± 0.1d

16:0 12.9 ± 0.2a 11.7 ± 0.2b 10.7 ± 0.3c 9.6 ± 0.2d 8.3 ± 0.2e

18:0 1.9 ± 0.1e 2.3 ± 0.0d 2.8 ± 0.1c 3.1 ± 0.0b 3.6 ± 0.1a

Total saturatesb 19.9 ± 0.3a 18.1 ± 0.2b 16.5 ± 0.4c 14.7 ± 0.2d 12.7 ± 0.3e

16:1n-7 7.5 ± 0.2a 5.5 ± 0.1b 4.0 ± 0.1c 2.3 ± 0.1d 0.8 ± 0.0e

18:1n-9 16.0 ± 0.4c 17.4 ± 0.3b 17.6 ± 0.3b 17.6 ± 0.3b 18.6 ± 0.3a

18:1n-7 3.8 ± 0.0a 3.4 ± 0.3b 2.5 ± 0.1c 2.2 ± 0.1d 1.3 ± 0.1e

20:1n-9 16.6 ± 0.3a 11.9 ± 0.2b 8.7 ± 0.1c 4.8 ± 0.0d 1.6 ± 0.1e

22:1n-11 9.9 ± 0.1a 7.3 ± 0.3b 5.4 ± 0.1c 3.0 ± 0.0d 1.1 ± 0.1e

Total monoenesc 57.1 ± 0.6a 48.4 ± 0.6b 40.3 ± 0.4c 31.5 ± 0.3d 24.2 ± 0.4e

18:2n-6 3.9 ± 0.1e 6.8 ± 0.1d 8.6 ± 0.1c 11.0 ± 0.1b 13.1 ± 0.2a

20:2n-6 0.4 ± 0.0d 0.5 ± 0.0c 0.6 ± 0.0b 0.6 ± 0.0b 0.7 ± 0.0a

20:4n-6 0.3 ± 0.1a 0.2 ± 0.0a,b 0.2 ± 0.0a,b 0.1 ± 0.1b 0.1 ± 0.0b

Total n-6d 4.9 ± 0.2e 7.8 ± 0.1d 9.8 ± 0.2c 11.8 ± 0.1b 14.0 ± 0.1a

18:3n-3 0.8 ± 0.2e 11.5 ± 0.3d 20.1 ± 0.3c 30.1 ± 0.4b 38.7 ± 0.8a

18:4n-3 1.5 ± 0.1a 1.3 ± 0.1b 1.3 ± 0.1b 1.2 ± 0.1b 1.2 ± 0.1b

20:3n-3 0.1 ± 0.0e 0.7 ± 0.0d 1.4 ± 0.1c 2.1 ± 0.1b 2.7 ± 0.1a

20:4n-3 1.2 ± 0.0d 1.4 ± 0.0c 1.5 ± 0.0b,c 1.6 ± 0.0b 1.8 ± 0.1a

20:5n-3 4.3 ± 0.2a 3.0 ± 0.1b 2.5 ± 0.1c 1.8 ± 0.1d 1.3 ± 0.1e

22:5n-3 1.5 ± 0.0a 1.1 ± 0.1b 1.0 ± 0.0b 0.6 ± 0.1c 0.4 ± 0.1d

22:6n-3 8.1 ± 0.7a 6.1 ± 0.7b 5.3 ± 0.4b,c 4.3 ± 0.5c 3.1 ± 0.2d

Total n-3 17.5 ± 0.7e 25.2 ± 0.7d 33.1 ± 0.6c 41.7 ± 0.3b 49.1 ± 0.6a

Total PUFA 22.9 ± 0.8e 33.4 ± 0.7d 43.1 ± 0.7c 53.7 ± 0.3b 66.1 ± 0.7a

n-3/n-6 3.6 ± 0.4 3.2 ± 0.3 3.4 ± 0.3 3.5 ± 0.2 3.5 ± 0.3

aValues are mean ± SD, n = 6. 
bIncludes 15:0, 17:0, 20:0, and 22:0. 
cIncludes 16:1n-9, 20:1n-11, 20:1n-7, 22:1n-13, and 24:1. 
dIncludes 18:3n-6, 20:3n-6, and 22:5n-6. SD values <0.05 are shown as 0.0. Values in the same row with a
different superscript roman letter are significantly different (P < 0.05). For abbreviations see Table 1.



fed the 50 and 100% LO diets were reduced by 31 and 44%, re-
spectively, following the 24-wk FO refeeding period (Fig. 3A).
A similar result was observed for 18:3n-3 such that the concen-
trations in fish previously fed the 50 and 100% LO diets were
still significantly different, both from each other and from fish
fed FO, after 16 and 24 wk on an FO diet (Fig. 3B). However,
the concentrations of 18:3n-3 in fish previously fed 50 and

100% LO were reduced by 64 and 66%, respectively, follow-
ing the 24-wk FO refeeding period.

After the initial 40-wk feeding period, the flesh concen-
tration of EPA was significantly lower in fish fed 50 and
100% LO compared with those fed FO (Fig. 4A). After
refeeding FO for 16 and 24 wk, the flesh EPA concentration
increased such that fish previously fed the 50 and 100% LO
diets had similar EPA concentrations, but they were still sig-
nificantly lower than fish fed FO throughout. However, the
flesh concentrations of EPA in fish previously fed 50 and
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FIG. 1. Relationship between dietary FA concentration and muscle FA
concentration for 22:6n-3 (A), 20:5n-3 (B), and 18:3n-3 (C) in total lipids
of Atlantic salmon fed diets containing blends of fish oil (FO) and lin-
seed oil (LO). The additional line represents the line of equality. Error
bars represent mean ± SD.
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FIG. 2. Relationship between dietary FA concentration and muscle FA
concentration for 18:2n-6 (A), 20:1n-9 (B), and 22:1n-11 (C) in total
lipids of Atlantic salmon fed diets containing blends of FO and LO. The
additional line represents the line of equality. For abbreviations see
Figure 1.



100% LO were restored to 88 and 83%, respectively, of the
concentration in fish fed FO throughout, following the 24-wk
FO refeeding period. A very similar result was seen with flesh
DHA concentrations in fish previously fed 50 and 100% LO,

whereby DHA concentrations were restored to 80 and 83%,
respectively, of the concentration in fish fed FO throughout
following the 24-wk refeeding period. Interestingly, the flesh
EPA and DHA concentrations were restored to 81 and 74%
and to 85 and 79%, respectively, for fish previously fed 50
and 100% LO diets, after feeding the FO finishing diet for
only 16 wk.

DISCUSSION

Salmon produced using diets containing raw materials with
high levels of marine FO currently provide a rich source of
the n-3 HUFA, EPA, and DHA that are relatively cheap and
highly nutritious (21,22). However, the growth in aquaculture
required to augment dwindling seafood stocks can be sus-
tained only if alternatives to marine FO can be found (5,7). In
the present study, graded levels of LO were used to replace
FO in the culture of Atlantic salmon to market size with no
obvious detriment in terms of the growth and health of the
fish. Although a number of previous studies have looked at
FO substitution in salmon, most have used smaller fish or
ones that were cultured on the experimental feeds for rela-
tively short periods (16,17,32–34). However, the growth
results obtained with the present study using LO compare
favorably with studies utilizing soy and rapeseed oils as
FO replacements and suggest that the energy requirements
of Atlantic salmon can be satisfied by vegetable oils with
variable FA compositions (18,35). A few studies have in-
vestigated LO alone or LO blended with other oils in
salmon feeds, and these also have confirmed no obvious
effects on growth parameters (14,33,34).

Atlantic salmon store high amounts of lipids in their flesh,
and in market-size salmon (2–5 kg) lipid levels would nor-
mally be in the range of 10–20% of wet weight (21,22).
Changing the FA composition of salmon diets can affect the
composition and quantity of flesh lipid stores, and previous
studies using rapeseed and palm oils to replace FO have indi-
cated reduced flesh lipids at replacement levels above 50%
(16,17). In the present study, fish of ~2 kg had lipid levels of
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TABLE 3
Correlation Coefficients and Slopes from Plots of Dietary FA Concentrations vs. Flesh FA
Concentrations Including the Differences (∆) Between Diet and Flesh FA Values for
Salmon Fed 100% FO, 50% LO, and 100% LO Dietsa

Correlation
FA coefficient (r2) Slope ∆100% FO ∆50% LO ∆100% LO

16:0 0.997 0.78 ± 0.02 0.8 1.4 2.2
Total saturates 0.998 0.77 ± 0.02 0.0 1.4 2.2
18:1n-9 0.876 0.43 ± 0.09 4.1 2.5 1.6
20:1n-9 0.999 0.89 ± 0.02 –1.3 –0.3 0.5
22:1n-11 0.997 0.73 ± 0.02 –3.4 –1.7 0.0
18:2n-6 0.999 0.85 ± 0.02 –0.3 –1.2 –2.0
18:3n-3 0.999 0.77 ± 0.01 –0.1 –5.5 –11.7
20:5n-3 0.966 0.59 ± 0.06 –1.6 –1.0 0.3
22:6n-3 0.979 1.37 ± 0.12 3.1 1.9 1.6

aFA concentrations are g FA/100 g total FA in muscle and diets. Negative ∆ values indicate lower
values in muscle compared with diet, whereas positive values indicate accumulation in muscle
relative to diet. 
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7.4–8.8%, and there were no significant differences between
treatments. In a previous study with salmon harvested at a
similar size and fed diets with varying levels of FO, LO, and
rapeseed oil, no differences in flesh lipid contents were ob-
served (14). However, lipid concentrations in the livers of fish
from the present dietary trial, reported in a recent publication
(19), showed significantly increased lipid deposition in fish
fed diets with >50% LO, suggesting that changes in the di-
etary FA composition can affect adiposity in specific tissues.

It is well documented that the tissue FA composition in
salmonid fish is closely related to the dietary FA composition
and that feeding high levels of vegetable oils will strongly influ-
ence the flesh FA composition (14–18). The results from the
present study confirm this relationship in which linear correla-
tions between dietary FA concentrations and flesh FA concen-
trations are clearly demonstrated. Similar linear relationships
have been observed in previous studies in which rapeseed, palm,
and blends of rapeseed and LO were used, along with FO, in
salmon feed formulations (14,16,17). The present study con-
firms that individual FA, within a blend of dietary FA, are selec-
tively retained or metabolized, depending on their concentra-
tion in the diet and the biological function of the specific FA. In
practical terms, these linear correlations (Figs. 1 and 2) can be
used to predict the flesh concentration of a particular FA, when
present in a mixture of FA, derived from blends of LO and FO
fed to salmon in seawater.

Additional information on the selective retention or me-
tabolism of different dietary FA present in different oil
blends can be obtained from Figures 1 and 2 and from Tables
2 and 3. One of the most striking effects is the preferential
deposition and retention of DHA in flesh lipids, regardless
of the concentration present in the diet. The ∆ values in
Table 3 show positive values in the range 1.6–3.1 for 100%
LO, 50% LO, and FO treatments, indicating that, regardless
of dietary concentration, DHA was selectively deposited
and retained in salmon flesh. This selectivity presumably
reflects the specificity of the fatty acyl transferase enzymes
that incorporate the FA into flesh TAG and phospholipids, 
a phenomenon that has been observed in previous studies
with salmon fed different combinations of vegetable oils
(14,16,17).

By comparison, the other PUFA and HUFA tended to be di-
rected toward metabolism, presumably largely for energy pro-
duction rather than deposition, especially when present at high
concentrations. When present at low concentrations, only EPA
showed a positive ∆ value. In contrast, both 18:2n-6 and espe-
cially 18:3n-3 were selected against in terms of flesh deposi-
tion. The tendency toward preferential metabolism of C18
PUFA by β-oxidation has been observed not only in salmonid
fish (12,13) but also in humans, in whom 18:3n-3 was preferred
over 18:2n-6 as an oxidative substrate (23). However, it also
should be noted that both 18:2n-6 and 18:3n-3 are substrates
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TABLE 4
Total Lipid FA Compositions (g/100 g total FA) of Flesh from Atlantic Salmon Fed the LO Exper-
imental Diets for 40 wk, Followed by Refeeding a 100% FO Diet for 24 wka

FA FO 25% LO 50% LO 75% LO 100% LO

14:0 4.8 ± 0.1a 4.5 ± 0.1b 3.9 ± 0.1c 3.8 ± 0.1c 3.6 ± 0.3c

16:0 12.6 ± 0.2a 12.1 ± 0.0a,c 12.3 ± 0.3a 11.3 ± 0.3b,c 11.2 ± 0.5b

18:0 2.1 ± 0.1b 2.2 ± 0.1b 2.3 ± 0.0b,c 2.5 ± 0.1a,c 2.6 ± 0.1a

Total saturatesb 9.9 ± 0.2a 19.0 ± 0.1a,c 18.7 ± 0.5a,b 17.8 ± 0.5b,c 17.5 ± 0.8b

16:1n-7 7.5 ± 0.1a 7.0 ± 0.1a,b 6.5 ± 0.3b 5.8 ± 0.1c 5.3 ± 0.4c

18:1n-9 16.2 ± 0.2b 16.6 ± 0.1a,b 16.9 ± 0.1a 16.7 ± 0.2a 16.9 ± 0.3a

18:1n-7 3.9 ± 0.1b 4.1 ± 0.1a,b 4.3 ± 0.2a 3.4 ± 0.1c 3.1 ± 0.2c

20:1n-9 16.7 ± 0.0a 14.9 ± 0.1b 13.2 ± 0.4c 12.1 ± 0.2c,d 11.1 ± 0.8d

22:1n-11 10.3 ± 0.1a 9.2 ± 0.3b 8.2 ± 0.3c 7.7 ± 0.3c,d 7.2 ± 0.6d

Total monoenesc 57.9 ± 0.3a 55.7 ± 0.7a 53.0 ± 0.7b 48.8 ± 0.6c 46.4 ± 1.9c

18:2n-6 4.2 ± 0.2d 5.1 ± 0.1c,d 5.9 ± 0.3b,c 6.7 ± 0.2a,b 7.3 ± 0.7a

20:2n-6 0.4 ± 0.0b 0.5 ± 0.1a,b 0.5 ± 0.0a,b 0.5 ± 0.0a,b 0.6 ± 0.1a

20:4n-6 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1
Total n-6d 5.2 ± 0.1d 6.2 ± 0.2c,d 6.9 ± 0.4b,c 7.7 ± 0.3a,b 8.4 ± 0.7a

18:3n-3 0.9 ± 0.4c 4.0 ± 0.4b,c 7.3 ± 0.5b 10.9 ± 0.7a 13.0 ± 2.6a

18:4n-3 1.4 ± 0.0 1.4 ± 0.0 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.0
20:3n-3 0.1 ± 0.0d 0.3 ± 0.1c,d 0.5 ± 0.1b,c 0.8 ± 0.1a,b 1.0 ± 0.2a

20:4n-3 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.1 1.5 ± 0.1 1.5 ± 0.1
20:5n-3 4.1 ± 0.1a 3.8 ± 0.1a,b 3.6 ± 0.1b,c 3.4 ± 0.1c 3.4 ± 0.2c

22:5n-3 1.9 ± 0.1a 1.6 ± 0.0b 1.4 ± 0.1b 1.4 ± 0.1b 1.4 ± 0.1b

22:6n-3 6.6 ± 0.1a 6.1 ± 0.1a,b 5.3 ± 0.6b 5.7 ± 0.1a,b 5.5 ± 0.6b

Total n-3 16.3 ± 0.3c 18.6 ± 0.6b,c 20.9 ± 0.8b 25.1 ± 0.9a 27.2 ± 2.0a

Total PUFA 22.0 ± 0.4c 25.1 ± 0.7b,c 28.1 ± 1.1b 33.1 ± 1.1a 35.9 ± 2.7a

n-3/n-6 3.1 ± 0.3 3.0 ± 0.2 3.0 ± 0.3 3.3 ± 0.2 3.2 ± 0.4

aValues are mean ± SD, n = 3. 
bIncludes 15:0, 17:0, 20:0, and 22:0. 
cIncludes 16:1n-9, 20:1n-11, 20:1n-7, 22:1n-13, and 24:1. 
dIncludes 18:3n-6, 20:3n-6, and 22:5n-6. SD values <0.05 are shown as 0.0. Values in the same
row with a different superscript roman letters are significantly different (P < 0.05).



for ∆6-desaturase, and Atlantic salmon hepatocytes reportedly
tend to favor desaturation and elongation of 18:3n-3 over 18:2n-
6 (20,34). In addition to PUFA, the long-chain monoene FA that
are characteristic of high-latitude FO (9) are thought to be im-
portant catabolic substrates. This appeared to be confirmed in
the present study, in which 22:1n-11 appeared to be preferred
over 20:1n-9 even though the former was less abundant in the
diets than the latter.

The literature suggests that 22:1n-11 and 18:2n-6 are pre-
ferred substrates for β-oxidation, along with 16:0, 16:1, and
18:1n-9 (11,36,37). However, in the present study 16:0, and
especially 18:1n-9, had positive ∆ values (Table 3), indicat-
ing that these two FA were being selectively retained in flesh
lipids rather than being metabolized for energy production.
This is in contrast to two previous studies, which showed that

18:1n-9 was used for energy production by the β-oxidation
pathway in salmon fed diets containing blends of LO and
rapeseed oil, although both 18:2n-6 and 18:3n-3 appeared to
be preferred over 18:1n-9 (14,35). Perhaps these differences
can be explained in part by genetic differences in the salmon
stock used in the different trials. The selection of 18:1n-9 and
16:0 for deposition, rather than mobilization, in flesh may re-
flect the structural function of these FA in membrane phos-
pholipids, where they are often located in the sn-1 position of
phospholipids, especially of PC and PE, with HUFA being fa-
vored in the sn-2 position (9,38).

The diet of early humans pursuing a hunter/gatherer
lifestyle was probably considerably lower in fat and had an 
n-6/n-3 ratio of around 1:1, in comparison with the current
diet in the developed world with an n-6/n-3 ratio of 10–20:1
(39). The health benefits of diets rich in EPA and DHA, which
can reduce this high n-6/n-3 ratio, are well documented, and
the outcome of a number of conditions prevalent in the devel-
oped world, including cardiovascular disease, immune dys-
function, diabetes, and other inflammatory disorders, can be
improved as a result (40–42). Although outcomes of clinical
trials with 18:3n-3 have been less clear than those with n-3
HUFA, evidence exists that diets promoting increased tissue
levels of 18:3n-3 also can be beneficial to health (24). The
benefits of increased 18:3n-3 for cardiovascular disorders, in-
cluding rhythm disorders, myocardial infarctions, sudden car-
diac death, and coronary thrombosis, have been reported
(43–45). In addition, some studies have reported low tissue
levels of 18:3n-3 as a risk factor for both breast and prostate
cancers (46,47).

Atlantic salmon presently cultured using only marine FO
are rich in n-3 HUFA and, as such, represent a valuable source
of EPA and DHA for the human consumer (21,22). The pres-
ent study suggests that when salmon are cultured with LO re-
placing up to 50% of FO, a moderate reduction of n-3 HUFA
but increased deposition of 18:3n-3 and only moderate depo-
sition of 18:2n-6 can be observed, meaning that flesh n-3/n-6
ratios of >3 are maintained. Furthermore, even salmon fed
100% LO provide n-3 HUFA levels of 0.12 g EPA and 0.28 g
DHA, as well as 3.48 g 18:3n-3 and 1.12 g 18:2n-6 per 100 g
of salmon flesh. These values are close to the recommended
0.22 g/d each for EPA and DHA, 2.22 g/d for 18:3n-3, and are
well below the maximum recommended intake of 18:2n-6 of
6.67 g/d (39). However, increasing the dietary n-3/n-6 ratio is
also recommended, especially the level of n-3 HUFA of ma-
rine origin (39,40).

This study has demonstrated mechanisms by which the
ratio of DHA/EPA/18:3n-3/18:2n-6 can be manipulated in
salmon flesh so that precise “tailored” EFA compositions can
be delivered to human consumers. This can be achieved via
the initial dietary input, for the majority of the ongrowing
phase, and by the use of a FO finishing diet to restore the val-
ues of the aforementioned EFA to the desired concentrations.
The latter procedure restored both EPA and DHA concentra-
tions in flesh to >80% of the value in fish fed FO throughout
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the 24 wk, whereas18:2n-6 and 18:3n-3 concentrations were
74% and 1344% higher than in fish fed FO. These results are
similar to previous studies with Atlantic salmon and gilthead
seabream, which showed that restoration of the flesh EPA and
DHA concentrations can be achieved relatively easily with
finishing diets but that C18 PUFA concentrations still remain
elevated (14,48,49). A recent study of Atlantic salmon de-
scribed a dilution model that allowed changes in flesh FA to
be accurately predicted following a switch from vegetable oil
to FO diets (50). The model described by Jobling (50) sup-
ports the results of the present study, which showed that rela-
tively constant concentrations for DHA and EPA were found
after feeding the FO finishing diet for 16 or 24 wk.

In conclusion, this study suggests that Atlantic salmon can
be cultured, during the marine phase of their life cycle, by
using diets in which the FO is replaced by LO without any
apparent reduction in the growth rates or health of the fish. In
addition, culturing salmon with diets containing up to 50%
LO, or up to 100% LO followed by a period of 16–24 wk on
an FO finishing diet, can provide a carcass EFA composition
that is highly beneficial for human health. Although the goal
of minimizing reliance on marine raw materials cannot be
achieved overnight, this study suggests that salmon can be
cultured on diets with minimal FO input yet still retain a high
functional nutritional value that cannot be replicated in ter-
restrial farmed foodstuffs.
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ABSTRACT: We previously demonstrated that oxidized frying oil
(OFO) activates peroxisome proliferator-activated receptor α
(PPARα) and up-regulates hepatic acyl-CoA oxidase (ACO) and cy-
tochrome P450 4A1 (CYP4A1) genes in male rats. As female rats
were shown to be less responsive to some peroxisome proliferators
(PP), this study compared the expression of a few PPARα target
genes in male and female rats fed diets containing OFO. Male and
female rats were fed a diet containing 20 g/100 g OFO (O diet) or
fresh soybean oil (F diet) for 6 wk. Both male and female rats fed
the O diet showed significantly higher liver weight, hepatic ACO
and catalase activities, CYP4A protein, and expression of ACO and
CYP4A1 mRNA (P < 0.05) compared with their control groups. The
mRNA expression of two other PPARα target genes, FA-binding
protein and HMG-CoA synthase, were marginally increased by di-
etary OFO (P = 0.0669 and 0.0521, respectively). Female rats fed
the O diet had significantly lower CYP4A protein than male rats
fed the same diet. The remaining OFO-induced effects were not
significantly different between male and female rats fed the O diet.
These results indicate that dietary OFO, unlike clofibrate or other
PP, had minimal sexual dimorphic effect on the induction of he-
patic PPARα target gene expression.

Paper no. L9402 in Lipids 39, 233–238 (March 2004).

Peroxisome proliferator-activated receptor α (PPARα), a lig-
and-dependent transcription factor that belongs to the steroid
hormone receptor family, plays a pivotal role in regulating liver
lipid homeostasis (1–5). Peroxisome proliferators (PP), includ-
ing the fibrate class of hypolipidemic drugs, FA, and eicosa-
noids are known ligands of PPARα (1,6). Upon activation by a
ligand, PPAR heterodimerizes with retinoid X receptor and
promotes the transcription of its target genes. The target genes
of PPARα are mainly a homogeneous group of genes that par-
ticipate in aspects of lipid catabolism such as FA uptake and
binding; FA oxidation in microsomes, mitochondria, and per-
oxisomes; and lipoprotein assembly and transport. Studies in
PPARα gene knockout mice clearly demonstrate that the
pleiotropic response and enhanced FA oxidation in the liver of
mice treated with PP are mediated by PPARα (7).

A number of studies showed that there were sex-related dif-
ferences in the response level to the treatment of some PP. When
rodents were treated, females showed lower induction of hepatic
peroxisome proliferation (8), peroxisomal β-oxidation (9,10),
cytochrome P450 4A (CYP4A) activity (11), protein and mRNA
(11,12), acyl-CoA oxidase (ACO) activity (12), and protein lev-
els of several PPARα target genes (8) compared with males. The
difference has been attributed to the inhibition effect of estradiol
and the enhancing effect of testosterone (9–11,13). 

Recently, we reported that dietary oxidized frying oil (OFO)
up-regulated the expression of hepatic PPARα target genes in-
cluding ACO and CYP4A1 in male rats (14). In addition, we
demonstrated that hydrolyzed OFO displayed a higher potency
for PPARα transactivation than hydrolyzed fresh soybean oil.
The results indicated that dietary OFO contained PPARα activa-
tors that exhibited a higher activating potency than the original
FA such as linoleic acid or linolenic acid in fresh soybean oil.

To examine whether there is a gender difference in the re-
sponse of PPARα target genes to dietary OFO, male and female
rats were fed diets containing 20 g/100 g OFO or fresh soybean
oil for 6 wk, and the expression of PPARα target genes includ-
ing ACO and CYP4A1 in liver, was detected in this study.

MATERIALS AND METHODS

Animals and diets. Male and female weanling Sprague-Daw-
ley rats weighing 60–80 g were purchased from the laboratory
animal center of the National Science Council (Taipei, Taiwan).
Based on a 2 × 2 factorial design, two groups of male and two
groups of female rats were respectively fed the two test diets
(F or O diet). The O diet contained 20 g/100 g OFO, and the F
diet (the control) contained a similar amount of fresh soybean
oil. All rats were housed individually in stainless steel wire
cages in a room maintained at 23 ± 2°C, with a controlled 12-h
light/dark cycle and free access to food and tap water. Body
weight and food intake were recorded weekly. Animal care and
handling conformed to accepted guidelines (15).

The OFO was prepared by frying wheat dough sheets in
soybean oil (President, Tainan, Taiwan) at 205 ± 5°C for 24 h,
as described previously (14). The composition of the test diets
is shown in Table 1; the ratios of casein, vitamin, and mineral
mixtures to energy were comparable to the AIN-76 diet.

Biochemical analyses. After 6 wk of feeding, rats were
killed by carbon dioxide asphyxiation after overnight fasting.
Blood was collected from the abdominal vena cava with
EDTA-containing tubes. Liver and kidney were excised and
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weighed, and a small portion of each was immediately frozen in
liquid nitrogen and stored at −80°C for the analysis of mRNA
expression. A second portion of liver was frozen at −20°C for
the analysis of liver lipids. Remaining portions of liver were
freshly homogenized for the preparation of post-nuclear super-
natant (PNS) and microsome, respectively, as described (14).
Plasma samples were obtained by centrifugation of blood and
stored at −20°C for the analysis of lipids. For the analysis of liver
lipids, frozen liver samples were thawed and extracted by the
method of Folch et al. (16). Total lipids, triacylglycerol (TG),
total cholesterol (TC), nonesterified FA (NEFA), and phospho-
lipids (PL) in plasma and liver lipid extract were measured enzy-
matically by a commercial kit (Randox Lab, Crumlin, Northland,
United Kingdom). The peroxisomal ACO and catalase activities
in the PNS of liver were determined by the method of Lazarow
(17) and Luck (18), respectively. The CYP4A protein in liver mi-
crosomal suspension was detected by Western blot analysis as
previously described (14). Briefly, 5 µg liver microsomal protein
was subjected to 10% SDS-PAGE, then transferred to a
polyvinylidene fluoride-plus transfer membrane (NEN Life Sci-
ence, Boston, MA). The blot was immunodetected with an en-
hanced chemiluminescence Western blotting kit (Amersham In-
ternational, Amersham, United Kingdom) in which sheep anti-
rat CYP4A was used as the primary antibody and a biotinylated
donkey anti-sheep immunoglobulin G was used as the secondary
antibody.

RNA purification and Northern blot analyses. Total RNA
was extracted from the liver and kidney with trizol reagent
(Life Technologies, Rockville, MD). Total RNA (20 µg) was
separated by electrophoresis in denaturing formaldehyde
agarose gel and then transferred to nylon membrane. The blots
were prehybridized at 42°C for 3 h in the hybridization buffer
containing salmon sperm DNA (20 µg/mL), then hybridized at
42°C for 12–15 h with 32P-labeled cDNA probes of ACO,
CYP4A1, FA binding protein (FABP), HMG-CoA synthase
(HS), or β-actin sequentially after deprobing previous probe
remained on membrane. All the cDNA probes were syn-

thesized by reverse transcription (RT)-PCR to amplify encod-
ing base pairs 74–2059 for ACO (according accession number
J02752), 13–2040 for CYP4A1 (M14972), 33–405 for FABP
(M35991), 385–1374 for HS (M33648), and 103–642 for β-
actin (55574). To correct for possible differences in transfer
and loading, β-actin was used as an internal control. After
washing at the appropriate stringency, the blots were exposed
to X-OMAT AR film (Kodak). Signals were quantified using
the microcomputer imaging device image analysis system
(Fuji, Tokyo, Japan). PPARα mRNA content was semiquanti-
fied by RT-PCR as previously described (14).

Statistical analysis. Data were expressed as mean ± SD. To
test the significance of the effects of dietary fat quality (fresh
soybean oil vs. OFO), gender, and their interaction, data of the
four groups were analyzed by two-way ANOVA. When a sig-
nificant interaction (P < 0.05) existed between fat quality and
gender, the significance of differences among the four groups
was further analyzed statistically by one-way ANOVA and
Duncan’s multiple range test. Data were transformed to log val-
ues for the statistical analysis if the variances were not homo-
geneous. The SAS System (SAS Institute, Cary, NC) was em-
ployed for the statistical analysis, and differences were consid-
ered significant at P < 0.05.

RESULTS

Effect of OFO on growth and tissue weight of female vs. male
rats. As shown in Table 2, there were significant effects of diet
fat quality, gender, and the interactions of these two factors on
body weight gain and feed efficiency. Both male and female
rats fed the O diet showed significantly lower body weight gain
and feed efficiency than rats fed the F diet (P < 0.05), but the
differences between the O and F groups were to a greater ex-
tent in male rats than in females. Diet fat quality (P = 0.0001)
and gender (P = 0.0001) significantly affected food intake with-
out a significant interaction. Relative kidney weight was also
significantly affected by the interaction between gender and fat
quality (P < 0.01). Male rats fed the O diet showed significantly
higher relative kidney weight than those fed the F diet. In con-
trast, there was no difference in the relative kidney weight be-
tween the F and O diet group in female rats. Both male and fe-
male rats fed the O diet showed significantly higher relative
liver weight (P = 0.0001) than those fed the F diet, and there
was neither a gender effect nor interaction (P > 0.05). The ex-
tent of liver enlargement induced by dietary OFO observed in
female rats was comparable to males (1.68-fold in both male
and female rats).

Effect of OFO on liver and plasma lipids of female vs. male
rats. Not only gender and fat quality but also the interaction of
these two factors had significant effects on liver total lipid, TG,
and TC (P = 0.0001, Table 3). Rats fed the O diet showed sig-
nificantly lower liver lipids except for PL than those fed the F
diet. Female rats fed the F diet had significantly lower liver
total lipid, TG, and TC than male rats fed the same diet. In con-
trast, liver total lipid, TG, and TC of female rats fed the O diet
were comparable to those of male rats fed the O diet. This indi-
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TABLE 1
Composition of Test Diets Used in the Feeding Experimenta,b

F diet O diet

(g/kg diet)
Casein 235 235
Cornstarch 448 448
Fresh soybean oil 200 —
Oxidized frying oilc — 200
Cellulose 59 59
Mineral mixture 41 41
Vitamin mixture 12 12
DL-Methionine 3 3
Choline 2 2
aTwo test diets containing 20% fresh soybean oil (F diet) or oxidized frying
oil (O diet) were given to male and female rats.
bSources of ingredients: casein, AIN-76 mineral mixture, and AIN-76 vita-
min mixture ICN (Aurora, OH); cornstarch, Samyang (Seoul, Korea); cellu-
lose, J. Rettenmaier & Söhne (Holzmühle, Germany); soybean oil, President
Co. (Tainan, Taiwan); methionine and choline chloride, Sigma Chemical (St.
Louis, MO).
cPrepared by frying sheets of dough in soybean oil at 205 ± 5°C for 24 h.



cated that the lowering effect of dietary OFO on liver lipids was
greater in male than in female rats.

Rats fed the O diet had significantly lower plasma total lipid
than those fed the F diet (P < 0.05, Table 3). The difference in
plasma total lipid between rats fed O diet and F diet was simi-
lar in male and female rats. The plasma NEFA concentration
was affected by gender and not by dietary fat quality. Female
rats showed significantly higher plasma NEFA than male rats
(P < 0.005). Neither gender nor fat quality significantly af-
fected plasma TG, TC, and PL (P > 0.05). 

Effect of OFO on enzyme activities and protein content of
female vs. male rats. In Figure 1 are shown the specific activi-
ties of ACO and catalase in the liver of four groups of tested
rats. These two enzymes were markers of peroxisomal β-oxi-
dation and peroxisome proliferation, respectively. Feeding
OFO resulted in significant (P = 0.0001) increases of ACO and
catalase activities in both male and female rats. There were nei-
ther significant gender effects nor interactions with fat quality
on ACO and catalase activities. In female rats, the specific ac-
tivities of ACO and catalase induced by dietary OFO were

about 5.5-fold and 3.7-fold higher, respectively, which were al-
most equivalent to the responses observed in males (6.0-fold
and 2.3-fold induction, respectively).

Western blot analysis demonstrated that the protein content
of CYP4A in liver microsomes was significantly increased by
the feeding of O diet (Fig. 2A). Results of two-way ANOVA
showed that gender, fat quality, and the interaction exerted sig-
nificant effects on the liver CYP4A protein (P < 0.05, Fig. 2B).
In rats fed the F diet, there was no significant difference be-
tween males and females (P > 0.05). In contrast, male rats fed
the O diet had a significantly higher CYP4A protein than fe-
male rats fed the same diet (P < 0.05). The induction of CYP
4A by feeding the O diet was greater in male rats (75-fold) than
in females (24-fold).

Effect of OFO on mRNA content of female vs. male rats. In
Figure 3 is shown the result of Northern blot analysis of the
mRNA content of PPARα target genes including ACO,
CYP4A1, FABP, and HS in the liver of four groups rats. Both
male and female rats fed the O diet had significantly higher
mRNA of ACO (P < 0.05), CYP4A1 (P < 0.005), FABP (P =
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TABLE 2
Body Weight Gain, Food Intake, Feed Efficiency, and Relative Liver and Kidney Weight of Male and Female Rats Fed Diets Containing
20 g/100 g Fresh Soybean Oil (F diet) or Oxidized Frying Oil (O diet) for 6 wka

Body weight gain Food intake Feed efficiency Relative liver weight Relative kidney weight

(g/d) (g gain/g feed) (g/100 g body)

Male
F diet 8.1 ± 0.9a 16.1 ± 1.3 0.51 ± 0.03a 3.5 ± 0.2 0.73 ± 0.05b

O diet 4.8 ± 0.6b 11.2 ± 1.1 0.42 ± 0.04b 5.9 ± 0.4 0.91 ± 0.08a

Female
F diet 4.8 ± 0.8b 13.1 ± 1.5 0.36 ± 0.03c 3.4 ± 0.3 0.87 ± 0.13a

O diet 3.1 ± 0.4c 9.3 ± 1.3 0.33 ± 0.02d 5.7 ± 0.5 0.88 ± 0.06a

P-value

Gender 0.0001 0.0001 0.0001 0.3162 0.0613
Fat quality 0.0001 0.0001 0.0001 0.0001 0.0032
Gender × quality 0.0020 0.2587 0.0377 0.6089 0.0066
aValues are means ± SD, n = 8. P values for gender, fat quality, and their interaction were analyzed by two-way ANOVA. When there was a significant inter-
action between gender and fat quality, the significance of differences among four groups was analyzed by Duncan’s multiple range test. Values not sharing a
superscript letter within a column are significantly different, P < 0.05.

TABLE 3
Plasma and Liver Lipids of Male and Female Rats Fed Diets Containing 20 g/100 g Fresh Soybean Oil (F diet) or Oxidized Frying Oil (O diet) for 6 wka

Plasma lipids Liver lipids

Total lipid TG TC PL NEFA Total lipid TG TC PL NEFA

(g/L) (mmol/L) (mg/g) (µmol/g)

Male
F diet 4.8 ± 2.0 1.1 ± 0.4 2.8 ± 0.8 2.0 ± 0.4 0.6 ± 0.1 75 ± 9a 98 ± 14a 12.4 ± 2.1a 16 ± 2 25 ± 10
O diet 3.3 ± 0.9 0.8 ± 0.3 2.4 ± 0.5 2.1 ± 0.3 0.6 ± 0.1 25 ± 3c 28 ± 6c 5.6 ± 0.4c 16 ± 2 10 ± 4

Female
F diet 4.4 ± 2.0 1.1 ± 0.4 2.3 ± 0.7 2.0 ± 0.5 0.8 ± 0.2 40 ± 16b 54 ± 19b 7.3 ± 1.2b 15 ± 2 16 ± 7
O diet 3.1 ± 0.7 1.0 ± 0.2 2.1 ± 0.4 1.8 ± 0.2 0.7 ± 0.2 24 ± 2c 31 ± 7c 5.7 ± 2c 18 ± 3 10 ± 3

P-value

Gender 0.5499 0.5486 0.0813 0.4105 0.0011 0.0001 0.0001 0.0001 0.2327 0.0349
Fat quality 0.0191 0.1352 0.2535 0.8995 0.5162 0.0001 0.0001 0.0001 0.0403 0.0001
Gender × quality 0.9013 0.4542 0.6319 0.3189 0.3141 0.0001 0.0001 0.0001 0.2042 0.0524
aValues are means ± SD, n = 8. P-values for gender, fat quality, and their interaction were analyzed by two-way ANOVA. When there was a significant inter-
action between gender and fat quality, the significance of differences among four groups was analyzed by Duncan’s multiple-range test. Values not sharing a
superscript letter within a column are significantly different, P < 0.05. TG, triacylglycerol; TC, total cholesterol; PL, phospholipids; NEFA, nonesterified FA.



0.067), and HS (P = 0.052) than those fed the F diet. There were
neither significant gender effects nor interactions of the two fac-
tors. In other words, a comparable induction by OFO feeding be-
tween male and female rats was observed. The liver ACO and
CYP4A1 mRNA of rats fed the O diet were 1.5- and 3.1-fold
those fed the F diet in males, and were 2.6- and 2.2-fold, respec-
tively, in females. There was no significant effect of gender, fat
quality, or their interaction on PPARα mRNA expression in liver,
analyzed by semi-quantitative RT-PCR (data not shown).

The CYP4A1 mRNA expression in kidney was also mea-
sured by Northern blot analysis. The CYP4A1 mRNA in kid-
ney was significantly lower in female than in male rats (gender
effect, P < 0.05). There was neither a significant effect of fat
quality nor an interaction with gender on kidney CYP4A1
mRNA expression (data not shown).

DISCUSSION

A 2 × 2 factorial design was used in the present study to ob-
serve the effects of OFO and gender on the expression of some
PPARα target genes in rats. A significant interaction between

OFO (fat quality) and gender, shown in the results of the two-
way ANOVA statistical analysis, indicated that the response to
OFO was different between male and female rats, or the gen-
der difference was not similar between rats fed the O diet and
the control F diet. Without a significant interaction, a signifi-
cant gender effect indicated that the gender difference in rats
fed the F diet was similar to those in rats fed the O diet. 

Data from this study indicated that in female rats, dietary
OFO also induced liver enlargement and up-regulated the ex-
pression of hepatic PPARα target genes ACO and CYP4A1, as
in male rats. There were no significant interactions between gen-
der and fat quality on relative liver weight, enzyme activities of
ACO and catalase, and mRNA content of ACO, CYP4A1,
FABP, and HS. However, there was a significant interaction (P <
0.05) in the hepatic CYP4A protein expression between gender
and quality (Fig. 2). Female rats fed the O diet had significantly
lower CYP4A protein than male rats fed the same diet. 

It has been reported that hepatic responses to the treatment
of several PP were less pronounced in female than in male ro-
dents. For example, feeding a 0.02% perfluoro-octanoic acid
(PFOA) diet for 1 wk increases peroxisomal β-oxidation and
liver weight in male rats, but not in females (9). On intraperi-
toneal administration of 40 mg/kg clofibrate (ethyl ester) for 3
d, Sundseth and Waxman (12) found a 26-fold vs. 6-fold in-
crease in ACO activity and 39-fold vs. 3-fold increase in
CYP4A1 mRNA in male vs. female rats. Sugiyama et al. (10)
also reported a significantly higher increase in ACO activity in
male rats (12-fold) than in females (4-fold) after they had been
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FIG. 1. The specific activities of acyl-CoA oxidase (ACO) (A) and cata-
lase (B) in liver postnuclear supernatant (PNS) of male and female rats
fed diets containing 20 g/100 g fresh soybean oil (F diet) or oxidized
frying oil (O diet) for 6 wk. Values are means ± SD, n = 8. Two-way
ANOVA was conducted for the four groups.

FIG. 2. Western blot analysis (A) for cytochrome P450 4A (CYP4A) protein
content in liver microsomes of male and female rats fed diets containing
20 g/100 g fresh soybean oil (F diet; F) or oxidized frying oil (O diet; O)
for 6 wk. Signals were quantified by image analysis (B). Values are means
± SD, n = 8. Two-way ANOVA was conducted for the four groups. Where
there was a significant interaction (P < 0.05), the significance of the dif-
ference was further analyzed by Duncan’s multiple-range test. Values not
sharing a common letter are significantly different (P < 0.05). 



orally administered with 300 mg/kg of clofibric acid for 3 d.
Hiratsuka et al. (11) showed that the increased activity, protein,
and mRNA content of lauric acid ω-hydroxylase (CYP4A) in
rats intraperitoneally treated with 250 mg/kg clofibrate for 3 d
were to a significantly lower extent in female than in male rats.

A few underlying mechanisms for the lower responsiveness
to PP induction in female rats have been proposed. In using
hormone manipulations in vivo (9,10) or in vitro (19), it was
observed that the PP responses induced by clofibrate or PFOA
were stimulated by testosterone and inhibited by estradiol. In
addition to a sex hormone, a pituitary-dependent factor such as
a growth hormone, which has a characteristic continuous pro-
file in adult female rats, played a suppressive role (10,12,19).
An alteration in the pharmacokinetics of PP elimination by the
sex hormone was also suggested. Since the serum clofibrate
level was found to be lower in castrated rats than intact or
testosterone-treated castrated rats (13), the metabolism of clofi-
brate may be accelerated by androgen deficiency. 

In this study, however, we did not observe sex-related differ-
ences in mRNA expression of PPARα target genes and ACO ac-
tivity in response to dietary OFO. It appears unlikely that the
longer treatment period (6 wk) in this study than in the above-
mentioned studies (a few days or weeks) could account for the
difference. It is more likely that, unlike clofibrate, there may not
be a sex-related difference in the catabolism or elimination of
OFO. The sex-dependent regulation by trichloroethylene
through PPARα also has been attributed to a difference in the
ability to produce the metabolite trichloroacetic acid, which is
the ultimate PPARα activator (8). Similar to our results, no sex
differences in the extent of induction by WY-14643, a potent ac-
tivator of PPARα, were mentioned in the paper of Nakajima et
al. (8) in which the unpublished data of Aoyama et al. were cited.

In this study, the OFO-induced CYP4A protein in liver is
significantly lower in female rats than in males. Since the anti-
CYP4A antibody we used can detect CYP4A1, -4A2, and
-4A3, the CYP4A protein immuno-detected in this study was
the sum of three isoforms. It had been reported that CYP4A2 is
not expressed in female liver (12,20,21). Hence, the signifi-
cantly lower liver CYP4A protein levels in OFO-fed female
rats could be due to the absence of male-specific CYP4A2 ex-
pression and induction. Although the mRNA detected by full-
length CYP4A1 cDNA probe in liver tended to be lower in fe-
male than male rats, the difference did not reach statistical sig-
nificance. Because the cDNA of CYP4A2 and -4A3 has
60–65% nucleotide sequence homology to that of CYP4A1,
the full-length CYP4A1 cDNA probe we used may have de-
tected the mRNA of CYP4A2 and -4A3 as well.

The ACO, CYP4A1, FABP, and HS mRNA measured in
this study were all target genes regulated by PPARα (22–24).
We have observed that the mRNA expression of all four of
these genes was significantly induced in the liver of male rats
fed a diet containing 0.5% clofibrate for 1 wk (data not shown).
In contrast, the OFO-induced ACO and CYP4A1 mRNA ex-
pressions were significant, but those of FABP and HS were
marginal. It seemed that FABP and HS were less responsive to
OFO up-regulation than to a typical PP, such as clofibrate. 

Hydroxy FA produced presumably by lipoxygenase reac-
tion (such as 9- and 13-hydroxyoctadecadienoate, isolated from
oxidized LDL) and CLA have been reported to activate PPAR
(25–28). Results of a rat study showed that cyclic FA mono-
mer (CFAM) significantly increased the activities of enzymes
that were PPARα target gene products, hence implying the
CFAM that may exist in frying oil in minute amounts may also
activate PPARα (29). Kamal-Eldin et al. (30) fractionated and
analyzed commercial frying oils after saponification and found
the major altered FA were oxidized monomers, representing
complex mixture of monomeric FA with at least one oxy-
genated function, e.g., epoxy, keto, or hydroxy. It is speculated
that these monomeric FA with an oxygenated function may be
responsible for PPARα activation.

In conclusion, results of this study showed that PPARα acti-
vators in dietary OFO, unlike clofibrate or other PP, induced
ACO and CYP4A1 mRNA expression to a similar extent in fe-
male and male rats. 
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FIG. 3. Northern blot analysis (A) for mRNA of liver ACO, CYP4A1, FA-
binding protein (FABP), and HMG-CoA synthase (HS) of male and
female rats fed diets containing 20 g/100 g fresh soybean oil (F diet; F)
or oxidized frying oil (O diet; O) for 6 wk. Signals were quantified by
image analysis (B). Each value was normalized by β-actin. Values are
means ± SD, n = 6. Two-way ANOVA was conducted for the four
groups and results were shown in the inset table. For other abbrevia-
tions see Figures 1 and 2.
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ABSTRACT: HMG-CoA reductase (HMGCR) is a rate-limiting
enzyme that participates in cholesterol metabolism. Here we
analyzed the 8302A/C and the (TTA)n polymorphisms in the
HMGCR gene in 169 Chinese patients with coronary heart dis-
ease (CHD) and 161 age-matched controls. Results indicated that
the levels of plasma VLDL and TG in patients with the AA geno-
type of the 8302A/C locus were significantly higher than in pa-
tients with other genotypes (P < 0.05). In addition, the frequency
of allele A4 of the (TTA)n locus was higher (P < 0.05) and the fre-
quency of allele A5 was lower (P = 0.002) in CHD patients than
in the controls. This suggests that both polymorphisms in the
HMGCR gene may be associated with lipid and lipoprotein ab-
normalities in CHD in the Chinese.

Paper no. L9455 in Lipids 39, 239–241 (March 2004).

Coronary heart disease (CHD) is a common and complex mul-
tifactorial disease (1). Numerous factors, including genetic and
environmental ones, increase the risk of CHD (2). Plasma cho-
lesterol, as an important component of plasma lipoproteins (3),
has an apparent relationship with the development of and mor-
tality from CHD (4). 

HMG-CoA reductase (HMGCR) is one of the most impor-
tant enzymes that participate in cholesterol metabolism (5). It
plays a rate-limiting role in cholesterol biosynthesis (6). The
statins, which are widely prescribed in cholesterol-lowering
therapy, are inhibitors of this enzyme (7) that decrease the
biosynthesis of intrahepatic cholesterol and hence prevent or
stabilize the atherosclerotic plaque (8). Therefore, it is reason-
able to postulate that HMGCR, coded by the HMGCR gene,
may be related to the development of CHD. At present, this has
not been studied. 

Several polymorphisms, including the 8302A/C and (TTA)n
trinucleotide repeats, in the HMGCR gene are known, but their
possible association with CHD and its clinical–biochemical
phenotypes have not been studied. Here we report the results

of our investigation of these polymorphisms and their possible
association with CHD in the Chinese.

MATERIALS AND METHODS

Subjects. One hundred sixty-nine unrelated patients with CHD
were selected by coronary angiography using the Judkins tech-
nique. All were from the West China Hospital, Sichuan Uni-
versity, in Chengdu. Individuals with at least one stenosis of
>60% in any major coronary artery branch (left anterior de-
scending, left circumflex artery, right coronary artery) were
qualified as “CHD patients” in the study. In addition, 161 unre-
lated age-matched subjects, who were free of any clinical and
biochemical signs of CHD, were selected via health screening
at the same hospital and used as controls.

Genotyping of the 8302A/C and the (TTA)n trinucleotide
repeats. Genomic DNA isolated from peripheral blood
leukocytes using the “salting-out” procedure (9) was then
stored at 4°C for use. Genotypes of the 8302A/C and (TTA)n
trinucleotide repeats were isolated as described previously
by Leitersdorf et al. (10) and Zuliani and Hobbs (11), respec-
tively. 

Statistical analysis. Frequencies of the alleles and genotypes
were calculated by counting. The assumption of the
Hardy–Weinberg equilibrium was tested by means of gene
counting and χ2 analysis. Lipid phenotypic data among differ-
ent genotypes were then analyzed statistically using the SPSS,
version 10.0, software.

RESULTS

8302A/C polymorphism. The distribution of the alleles and
genotypes of the 8302A/C polymorphism in CHD patients and
the control group is shown in Table 1. Genotypes followed the
Hardy–Weinberg equilibrium in both the control and CHD pa-
tient groups (data not shown). There was no significant differ-
ence between the CHD and control groups (P > 0.05) in the fre-
quency of alleles and genotypes of the 8302A/C polymorphism
(Table 1). However, CHD patients with the AA genotype had
significantly higher TG and VLDL levels than the other genotype
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subgroups (P < 0.05) (Table 2), a result not found in the con-
trol group (data not shown).

(TTA)n trinucleotide repeats. As in other populations (11),
seven distinct alleles, namely A1–A7, with the copy numbers of
10–16 in intron 10 of the HMGCR gene, were detected in both
CHD patients and the control group, and no significant devia-
tions from the Hardy–Weinberg equilibrium were found in the
genotype frequency of either group (data not shown). The fre-
quency of alleles in both groups is summarized in Table 3.

As one can observe from Table 3, allele A4 was present at a
significantly higher frequency in CHD patients than that in the
controls (P < 0.05), whereas allele A5 was present at a signifi-
cantly lower frequency in CHD patients than in the controls
(P = 0.002). 

The distribution of plasma lipids in control and CHD pa-
tients with the various alleles is shown in Table 4. There was
no significant difference in the levels of plasma lipids of CHD
patient and control subgroups with various alleles (P > 0.05).

DISCUSSION

1.8302A/C restriction polymorphism. Although there was no
significant difference between the CHD and control groups in
the frequency of alleles and genotypes in the 8302A/C poly-
morphism, association studies showed that the levels of plasma
VLDL and TG in patients with the AA genotype were signifi-
cantly higher than those with other genotypes (P < 0.05). Since
the cholesterol ester (CE) is an essential component in the nor-
mal formation of VLDL (12), an increase in CE content leads
to an increase in the formation and secretion of VLDL in the
liver (13). We speculated that allele A may be associated with
the esterification of cholesterol. Also, VLDL is the main
lipoprotein with the highest component of TG (14), and it plays
an important role in TG transportation (15). The level of
plasma TG is known to be positively associated with the level
of plasma VLDL (16). This means that the AA genotype also
may be related to the level of plasma VLDL. 
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TABLE 1
Genotype and Allele Frequencies of HMGCR Gene in Coronary Heart Disease (CHD)
Patients and in the Control Groupa

Genotype (%) Allele (%)

Group Case AA AC CC A C

CHD 169 42 (24.9) 92 (54.4) 35 (20.7) 52.1 47.9
Controls 161 30 (18.6) 83 (51.6) 48 (29.8) 44.4 55.6
aAll P values >0.05 (P > 0.05).

TABLE 2
Plasma Lipids in CHD Patients with Different Genotypesa

Genotype P value

Item AA AC CC AA vs. AC AA vs. CC AC vs.CC

(mmol/L)

TC 4.010 ± 0.358 4.251 ± 0.193 4.089 ± 0.158 0.528 0.855 0.610
TG 2.448 ± 0.484 1.816 ± 0.170 1.561 ± 0.161 0.048* 0.037* 0.052
HDL-C 0.988 ± 0.070 1.173 ± 0.085 1.136 ± 0.083 0.239 0.417 0.791
LDL-C 1.912 ± 0.403 2.401 ± 0.148 2.226 ± 0.240 0.161 0.435 0.572
VLDL 1.318 ± 0.284 0.826 ± 0.081 0.782 ± 0.021 0.018* 0.011* 0.062
aTC, total cholesterol; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; for other abbreviation see Table 1. *, P < 0.05.

TABLE 3
Frequency of Alleles of the TTA Polymorphism of the HMGCR Gene in CHD Patients and in the Control Group

Amplified product CHD (%) Control (%)

Alleles (bp) (n = 338)a (n = 322)a P value

A1 88 33 (9.76) 34 (10.56) >0.05 
A2 91 43 (12.72) 59 (18.32) >0.05
A3 94 62 (18.34) 52 (16.15) >0.05
A4 97 65 (19.23) 42 (13.04) <0.05
A5 100 41 (12.13) 68 (21.12) 0.002
A6 103 61 (18.05) 40 (12.42) >0.05
A7 106 33 (9.76) 27 (8.39) >0.05
an, number of chromosomes; bp, base pairs; for other abbreviation see Table 1.



(TTA)n trinucleotide repeats. Our study also showed that al-
lele A4 was present at a significantly higher frequency in CHD
patients than that in the controls (P < 0.05), whereas allele A5
was present at a lower frequency in CHD patients than that in
the controls (P = 0.002). This caused us to speculate that the
TTA trinucleotide locus in intron 10 of the HMGCR gene also
may be associated with CHD.

In summary, the present study is the first to evaluate the pos-
sible association between polymorphisms of the HMGCR gene
and the development of CHD. Since the polymorphisms stud-
ied are in the introns, they usually do not affect the activity of
the enzyme directly. Therefore, the observed associations be-
tween the polymorphisms and some biochemical phenotypes
may be explained by their linkage disequilibrium with other
functional sites. Additional studies are needed to elucidate the
role of the polymorphic loci in enzyme activity as well as in
the development of CHD.
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TABLE 4
Distribution of Plasma Lipids in the Control Group and in CHD Patientsa

Group Allele TG TC HDL-C LDL-C VLDL

(mmol/L)
CHD A1 1.952 ± 0.626 4.300 ± 0.506 0.935 ± 0.159 2.345 ± 0.803 0.888 ± 0.285

A2 2.172 ± 0.657 4.106 ± 0.215 1.204 ± 0.149 2.470 ± 0.303 1.178 ± 0.324
A3 1.860 ± 0.371 4.090 ± 0.311 1.130 ± 0.181 2.255 ± 0.258 0.827 ± 0.214
A4 2.125 ± 0.294 4.209 ± 0.215 1.132 ± 0.079 2.286 ± 0.258 1.062 ± 0.154
A5 2.006 ± 0.104 4.216 ± 0.459 0.920 ± 0.070 2.413 ± 0.578 1.204 ± 0.365
A6 1.816 ± 0.186 4.324 ± 0.449 0.890 ± 0.264 2.207 ± 0.771 0.728 ± 0.107
A7 1.830 ± 0.230 4.120 ± 0.130 1.149 ± 0.043 2.293 ± 0.078 0.972 ± 0.083

Control A1 2.138 ± 0.401 4.216 ± 0.203 1.448 ± 0.096 2.345 ± 0.803 0.752 ± 0.122
A2 1.961 ± 0.186 4.260 ± 0.142 1.410 ± 0.074 2.207 ± 0.123 1.178 ± 0.324
A3 1.706 ± 0.301 4.127 ± 0.152 1.424 ± 0.066 2.057 ± 0.140 0.827 ± 0.214
A4 2.014 ± 0.267 4.328 ± 0.338 1.523 ± 0.126 2.317 ± 0.318 0.806 ± 0.093
A5 2.389 ± 0.984 4.109 ± 0.230 1.299 ± 0.075 2.174 ± 0.167 1.037 ± 0.268
A6 1.885 ± 0.500 4.340 ± 0.282 1.428 ± 0.156 2.285 ± 0.252 0.743 ± 0.108
A7 1.790 ± 0.130 4.155 ± 0.055 1.385 ± 0.115 2.115  ± 0.475 0.919 ± 0.172

aAll P values >0.05 (P > 0.05). For abbreviations see Tables 1 and 2.



ABSTRACT: Insulin resistance and type 2 diabetes are associated
with elevated circulating levels of nonesterified FA (NEFA) and
lipoprotein remnants. The dyslipidemia is an important contributor
to the excess arterial disease associated with insulin resistance and
type 2 diabetes, but the mechanisms involved are elusive. In the
present study we examined the effect of NEFA on macrophages.
For this purpose, we utilized human macrophages, prepared by
treating THP-1 monocytes with phorbol ester. We found that albu-
min-bound NEFA at physiological levels increase the secretion of
granulocyte macrophage-colony stimulating factor (GM-CSF) by
the THP-1 macrophages in a dose-dependent manner. The effect
was registered as an increase in mRNA, and the amount of GM-
CSF secreted correlated with the accumulation of TAG and DAG
in the cell. The NEFA-induced rise in GM-CSF appeared to be me-
diated by activation of protein kinase C, probably acting on extra-
cellular signal-regulated kinases 1 and 2 and being calcium depen-
dent. We speculate that increased secretion of GM-CSF by resident
macrophages in the intima exposed chronically to high levels of
NEFA, such as those present in insulin resistance, may contribute
to a proatherogenic response of arterial cells.

Paper no. L9460 in Lipids 39, 243–249 (March 2004).

Atherosclerotic vascular disease is the main cause of type 2 di-
abetes mortality, these patients being exposed to a 2–4 times
higher risk than nondiabetic subjects with a comparable profile
of other risk factors (1). Prospective and cross-sectional studies
indicate that the dyslipidemia of insulin resistance and type 2
diabetes is an important contributor to atherosclerotic disease
and a better predictor of its associated mortality than hyper-
glycemia (2). However, why a relatively mild dyslipidemia
characterized by modest elevations of TAG, near-normal LDL
cholesterol levels, and modest reduction of HDL cholesterol
can cause such an impact in vascular disease is not well under-

stood. An important component of the dyslipidemia of insulin
resistance and type 2 diabetes, the chronic elevation of nones-
terified FA (NEFA), is not usually included in prospective and
cross-sectional studies. NEFA originate in the postabsorptive
period from the partial failure of insulin in inhibiting the hor-
mone-sensitive lipase of adipose tissue in insulin resistance.
During the postprandial period, albumin-bound NEFA come
mainly from hydrolysis of TAG-rich lipoproteins of intestinal
origin by the lipoprotein lipase (3,4). In the last few years, the
roles of FA as hormones in signaling between organs, in inter-
cellular signaling, and intracellularly have been identified (5).

In vitro studies point to direct, potentially atherogenic, ef-
fects of NEFA on arterial cells. Albumin-bound NEFA can
change the basement membrane structure of arterial endothe-
lial cells, altering the function of the basement membrane as
macromolecular permeability barrier and inducing proinflam-
matory activation (6,7). In human arterial smooth muscle cells,
NEFA can induce the production of extracellular matrix pro-
teoglycans with high affinity for LDL (8). 

Macrophages have important functions during atherogene-
sis, mainly as originators of foam cells by uptake of modified
apolipoprotein B-containing lipoproteins trapped in the extra-
cellular matrix of the intima (9). For monocytic cells invading
the intima to become functional resident macrophages, they re-
quire the autocrine action of essential growth factors such as
macrophage colony-stimulating factor (M-CSF) and granulo-
cyte macrophage colony-stimulating factor (GM-CSF) (10,11).
Both proteins and their receptors are present in foam cell-rich
atherosclerotic lesions. Furthermore, macrophages, when ex-
posed to oxidized LDL, respond with elevation of GM-CSF
mRNA, sustained at the protein level (12). It should be stressed
that each modified LDL molecule entrapped in the intima ex-
tracellular matrix that becomes internalized by a macrophage
carries with it more than 2,600 molecules of esterified FA to-
gether with approximately 2,200 molecules of esterified and
nonesterified cholesterol (13). In insulin resistance and type 2
diabetes, the arterial cells are exposed in addition to chronically
high levels of circulating albumin-bound NEFA complexes (3).
In the present experiments we explored the effects of NEFA on
GM-CSF secretion by macrophages. The results indicate that
albumin-bound NEFA, in a dose-related manner, increase the
secretion of GM-CSF. We speculate that increased GM-CSF
secretion may be part of the proatherogenic effects of high cir-
culating levels of FFA on arterial cells. 
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EXPERIMENTAL PROCEDURES

Materials. Sodium salts of linoleic acid, linolenic acid, palmitic
acid, oleic acid, BSA (FA-free), and phorbol myristate acetate
(PMA) were from Sigma-Aldrich (St. Louis, MO). Bisindolyl-
maleimide 1 (BIM), PD 098059 (2-(2-amino-3-methoxyphenyl)-
4H-1-benzopyran-4-one), and nifedipine (1,4-dihydro-2,6-di-
methyl-4-(2-nitrophenyl)-3,5-pyridinedicarboxylic acid dimethyl
ester) were purchased from Calbiochem (San Diego, CA), and
stored at −20°C as stock solutions in dimethyl sulfoxide
(Me2SO). The final concentrations of Me2SO were ≤0.1% in the
culture medium, which did not affect cell viability when esti-
mated by lactate dehydrogenase release and gross morphology.
Cell culture media were from BioWhittaker (Verviers, Belgium).
FBS was from Biochrom KG (Berlin, Germany). Primers for re-
verse transcriptase (RT)-PCR were obtained from Life Technolo-
gies (Gaithersburg, MD). Reagents and fluorescently labeled
probes for real-time PCR were purchased from Applied Biosys-
tems (Foster City, CA). ELISA for determination of GM-CSF
was purchased from R&D Systems (Minneapolis, MN). Poly-
clonal antibodies against protein kinase C (PKC) isoforms and
monoclonal antibody against extracellular signal-regulated ki-
nase (ERK) 2 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Polyclonal anti-phospho-p38 mitogen-acti-
vated protein kinase (MAP kinase), anti-phospho-Jun amino-ter-
minal activated kinase (anti-phospho-JNK) and anti-phospho-
ERK antibodies, anti-rabbit horseradish peroxidase (HRP)-con-
jugated secondary antibody, monoclonal antibody against ERK
1/2 and p44/42 MAP Kinase Assay Kit were purchased from
New England Biolabs (Beverly, MA). Anti-goat, -mouse, and
-rabbit HRP-conjugated secondary antibodies were purchased
from Dako (Cambridge, United Kingdom). The enhanced
chemiluminesence (ECL) kit was from Amersham Biosciences
(Uppsala, Sweden). 14C Linoleic acid (40–60 mCi/mmol, 1.85
MBq) was from NEN (Boston, MA). All other chemicals were
of the highest purity commercially available. 

Cell culture. THP-1 cells were obtained from the American
Type Culture Collection (ATCC number TIB-202; Manassas,
VA). Cells were maintained in RPMI 1640 medium supple-
mented with 10% (v/v) FBS, 25 µM β-mercaptoethanol, 50
µg/mL gentamicin, glutamine, and sodium pyruvate at 37°C in
a 5% CO2 atmosphere. The medium was changed every sev-
enth day. THP-1 cells were plated at a cell density of 0.3 ×
106/cm2 dish in RPMI with 10% FBS, 100 U/mL penicillin,
100 µg/mL streptomycin, glutamine, and sodium pyruvate
(medium A), and 50 ng/mL PMA for 3–4 d to become fully dif-
ferentiated macrophages. Differentiated THP-1 macrophages
were washed two times with PBS with Ca2+ and Mg2+ to re-
move PMA and incubated for another 24 h without PMA. The
cells were then washed twice with PBS to remove nonadherent
cells, and incubated with the respective stimuli in medium A. 

All kinase inhibitors used were added to the cells 1 h before
addition of the media containing NEFA and PMA. For inhibi-
tion of MAP kinase kinase (MEK 1/2), PD 098059 was added
to a final concentration of 10 µM. BIM at a concentration of 1
µM was used for inhibition of PKC. 

Likewise, calcium channel blockage was achieved by
adding 100 µM of nifedipine to the cells 1 h before addition of
the media containing NEFA and PMA.

Albumin–FA complex. Media containing NEFA were pre-
pared according to Montell et al. (14) with minor modifica-
tions. In brief, sodium salts of NEFA (100–1000 µM) were dis-
solved in warm deionoized water and were added dropwise to
medium A containing 300 µM FA-free BSA. The pH values of
the media were adjusted to 7.4 with NaOH, and they were fil-
tered through a 0.22-µm filter before addition to the cells. In
the present studies the molar ratio of FA to BSA did not exceed
4. In evaluating the extent of NEFA binding to albumin, a trace
amount of 14C-labeled linoleic acid (0.005 mCi) was added to-
gether with the nonlabeled species. Agarose electrophoresis
and subsequent autoradiography showed that more than 99%
of the NEFA was albumin-bound. There was no reduction of
cell viability or indication of cell damage as judged by lactate
dehydrogenase production even at a high concentration (800
µM) of BSA-linoleic acid (18:2). We have not previously been
able to find evidence of NEFA free radical-mediated oxidation
under the incubation conditions used (8). FA concentrations in
the media were confirmed by a colorimetric kit from Wako
(Neuss, Germany). 

RT-PCR. After incubation in medium with or without
NEFA, cells were detached by a brief (5-min) incubation with
trypsin, collected in cold PBS with Ca2+ and Mg2+, and imme-
diately put on ice. Cells were pelleted, and a kit was used to
prepare total RNA (Invitrogen, Leek, The Netherlands). After
converting mRNA to cDNA by incubation with RT and the ap-
propriate additions, the samples were divided. The fluorogenic
5′ nuclease (TaqMan®) assay (real-time PCR) (15) and the ABI
Prism® 7700 sequence detector system (Applied Biosystems)
were used to estimate mRNA content. Primers for human GM-
SCF were sense CCTGAAGGACTTTCTGCTTGTCA (posi-
tion 386–408) and antisense TGGCCGGTCTCACTCCTG
(position 435–452), defining a fragment of 67 nucleotides.
FAM (6-carboxy-fluorescein)-labeled probe CCCCTTTGA
CTGCTGGGAGCCAGT (position 410–433) was used. Pre-
developed primer/probe for control glyceraldehyde-3-phos-
phate-dehydrogenase (G3PDH) was purchased from Applied
Biosystems.

ELISA for GM-CSF. The THP-1 macrophage cells were in-
cubated with different concentrations of linoleic acid (18:2) (0
to 1000 µM) in six-well plates (3.5 cm in diameter) with 2 mL
of medium. After 24 h, the supernatant was collected and cen-
trifuged at 10,000 rpm for 1 min to remove any particulate ma-
terial and analyzed directly. The concentration of GM-CSF pro-
tein was determined following the instructions in the ELISA
kit. Total cell protein was measured according to the method of
Bradford (16) using a colorimetric assay kit from Bio-Rad
(Hercules, CA). Cell viability and cell damage were evaluated
visually and by lactate dehydrogenase release.

Cell total lipid analysis. Quantitative evaluation of total cell
lipids was performed on chloroform/methanol (2:1, vol/vol)
extracts of washed cells detached from the plates and sus-
pended in phosphate buffer (17). The chloroform phase con-
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taining the lipids was dried under nitrogen and dissolved in the
initial phase of the HPLC system used (Gynkotec, Münich,
Germany). The lipids were separated on a Spherisorb 5 µm col-
umn (Waters, Sollentuna, Sweden), and peaks were evaluated
using a Gynkotec M480 ternary system with the aid of an
ELSD, PL-ELS 1000 (Polymer Laboratories, Shropshire,
United Kingdom). The chromatographic conditions were es-
sentially those described by Homan and Anderson (18). Stan-
dard mixtures were purchased from Larodan Laboratories
(Malmö, Sweden). 

Western blot of PKC isoforms. THP-1 macrophages (1–2 ×
107 cells/plate, 10 cm in diameter) were incubated for different
times in 10 mL of RPMI 1640 medium with NEFA-bound al-
bumin. The cells were washed three times with ice-cold PBS
and detached from the plate using a rubber policeman in 1 mL
of cold lysis buffer (20 mM Tris-HCL, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophos-
phate, 1 mM β-Na3VO4, 1 µg/mL leupeptin), and sonicated
four times for 5 s on ice. Cell extracts were centrifuged for 10
min at 4°C, and the supernatant was aliquoted and stored at
−80°C. Protein concentrations were determined as described
above. Total cytosolic protein (50–60 µg) was solubilized in
SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 2% wt/vol
SDS, 10% glycerol, 50 mM DTT, 0.1% wt/vol bromphenol
blue) and then separated on a 10% polyacrylamide gel. The
separated proteins were transferred to a nitrocellulose mem-
brane (BioRad) at a constant voltage of 100 V for 30 min.
Membrane blockage was achieved with TBS-T (5% nonfat
dried milk in 20 mM Tris, pH 7.6, 138 mM NaCl, 0.1% Tween-
20) for 1–3 h at room temperature and probed with anti-PKC
isoform (1:1000) overnight at 4°C. Membranes were washed
three times in TBS-T and incubated with appropriate HRP-con-
jugated secondary antibody (1:2000 ) for another 1.5 h at room
temperature. The membrane was washed as above, and bound
secondary antibodies were visualized by using an ECL West-
ern blot detection system according to the manufacturer’s in-
structions. The membranes were stripped up to five times for
30 min at 50°C in 100 mM 2-mercaptoethanol, 2% SDS, 62.5
mM Tris-HCl, pH 6.7, and used again to label with different
antibodies against PKC isoforms. 

Analysis of MAP kinase activation. Activation of MAPK
(ERK 1/2) was detected using a p44/42 MAP Kinase Assay
Kit, following the manufacturer’s instructions. Briefly, whole
cell extracts were incubated with an immobilized phospho-
p44/42 MAP kinase (Thr202/Tyr204) monoclonal antibody
overnight at 4°C with gentle rocking. The immunocomplex
was washed and incubated in kinase buffer (25 mM Tris, pH
7.5, 5 mM β-glycerol phosphate, 2 mM DTT, 0.1 mM Na3VO4,
10 mM MgCl2) at 30°C for 30 min in the presence of ATP and
Elk-1 fusion protein, which allows immunoprecipitated actine
MAP kinase to phosphorylate Elk-1. The kinase reaction was
terminated by addition of SDS sample buffer. Proteins were
separated and transferred as described above, with exchange of
suitable antibodies (phosphor-Elk-1, Ser383) and visualized
with an ECL detection system. 

Data analysis. Densitometric evaluations were done with

ImageQuant program software (Amersham Biosciences).
Graph Pad Prism software (San Diego, CA) was used to fit
binding curves and correlation to the data. The difference be-
tween the two groups was identified with a Student’s t-test. For
multiple groups, one-way ANOVA and the Newman–Keuls
test were used to identify differences. P > 0.05 was considered
nonsignificant. Significance was defined as P < 0.05 (*),
P < 0.01 (**), and P < 0.001 (***).

RESULTS

FA affect GM-CSF expression and secretion and cell lipids. In
the study of the effects of NEFA on macrophages, THP-1 macro-
phages were exposed to different albumin-bound NEFA. We
were particularly interested in the expression of M-CSF and
GM-CSF by the macrophages. Initial studies did not detect an
effect on M-CSF (not shown), whereas GM-CSF appeared to be
markedly increased by FA exposure. At 300 µM albumin-bound
linoleic acid, the expression of GM-CSF by the macrophages ap-
peared to be in the order of three times that of macrophages ex-
posed to medium supplemented with BSA alone (Fig. 1). GM-
CSF secretion increased dose-dependently after incubation for
24 h with BSA-linoleic acid (18:2) (Fig. 2). Albumin-bound
oleic (18:1) and linolenic acids (18:3) induced similar increases
in GM-CSF secretion (not shown). Palmitic acid (16:0) induced
at 300–400 µM a fourfold increase in the secretion of the growth
factor but led to cell detachment above these concentrations.
Based on these results and the fact that linoleic acid is a promi-
nent FA in human plasma, we selected this complex to explore
the mechanism behind the phenomenon further. The largest ef-
fect on GM-CSF secretion was observed at 800 µM linoleic acid
(Fig. 2). Eight hundred micromolar is within the physiologic
range of NEFA concentration in circulation, and in type 2 dia-
betes this elevated level can be found for extended time periods
(3). Therefore, we chose this concentration as an accentuated
model of high circulating levels of albumin-bound NEFA. The
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FIG. 1. Effect of linoleic acid on mRNA for granulocyte macrophage-
colony stimulating factor (GM-CSF) in THP-1 macrophages. Messenger
RNA for GM-CSF was evaluated by real-time PCR, as described in the
Experimental Procedures section, in total RNA preparations from THP-1
macrophages. The cells were exposed for 24 h to 300 µM BSA in
medium A with (LA) or without (Control) 300 µM linoleic acid. Data
are presented as mean copy number normalized to glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) mRNA with SD (n = 3). Data analy-
sis (Student’s t-test) did not indicate a significant difference between the
two groups (P = 0.075).



time course of induction of increased GM-CSF secretion was in-
vestigated by exposing THP-1 macrophages to 500 µM albumin-
bound linoleic acid for different lengths of time (Fig. 3). The
maximal effect appeared to be reached somewhere between 8
and 24 h and sustained for 48 h. 

Incubation with BSA-linoleic acid caused a concentration-
dependent increase of total cell TAG that correlated with an in-
crease in DAG (Fig. 4). There was no detectable effect of NEFA
on the content of cholesteryl esters or the main phospholipids
(data not shown).

Involvement of protein kinases and calcium in the NEFA in-
duction of GM-CSF. DAG and phorbol esters, like PMA, acti-
vate PKC isoforms by serving as hydrophobic ligands that an-
chor the conventional and novel PKC in the plasma membrane
(19). We found that the actions of PMA and NEFA on GM-CSF
secretion were additive. Incubation for 24 h with 800 µM
linoleic acid further increased growth factor secretion caused
by 5 nM PMA, added after washing out the amount used as the
initiator of differentiation (Fig. 5A).

The above observations suggested that interactions between
DAG and PKC may be mediators of the effects of NEFA on
GM-CSF production in THP-1 macrophages. BIM,  a selective
and cell-permeable inhibitor of PKC, decreased linoleic acid
and PMA stimulated GM-CSF secretion by ~20% (not statisti-
cally significant) and ~40% (not statistically significant), re-
spectively (Fig. 5A). The additive stimulation of GM-CSF se-
cretion by combination of NEFA and PMA was decreased by
46% (P < 0.001) by PKC inhibition. 

Western blot analysis of total cell lysates indicated the pres-
ence in the differentiated THP-1 cells of the classical PKC iso-
types (α, β1, β11, and γ) and of the novel isoforms δ and ε but
not of the atypical PKC (ζ) (data not shown). This indicates
that PKC susceptible to BIM inhibition were present in the dif-
ferentiated THP-1 cells.

FA can increase the intracellular levels of calcium, either
through mobilization of internal stores or by acting as calcium
ionophores. Calcium and PMA have been described to induce
synergistic effects. To estimate the role of calcium, stimulation
of GM-CSF secretion was performed in the presence of a cal-
cium channel blocker, nifedipine. This agent appeared to com-
pletely abolish the stimulation of GM-CSF secretion achieved
by linoleic acid (P < 0.05) or PMA alone (P < 0.05), to the level
of secretion in cells incubated with BSA addition only (con-
trol). At the concentration used (100 µM), nifedipine reduced
the stimulation of GM-CSF secretion induced by the combina-
tion of linoleic acid and PMA by 47% (P < 0.001), but not all
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FIG. 2. BSA-linoleic acid stimulates secretion of GM-CSF dose-depen-
dently in THP-macrophages. THP-1 macrophages were incubated with
different concentrations (0–1000 µM) of albumin-bound linoleate (BSA-
18:2) for 24 h. GM-SCF in the supernatant was determined with an ELISA
method as described in the Experimental Procedures section. The points
in the curve represent the mean ± SEM of six measurements in individual
cell cultures using the mean value of control dishes (exposed to 300 µM
BSA alone) as 1. Bars judged statistically different from the control (one-
way ANOVA and Newman–Keuls test) are indicated by * (P < 0.05) and
*** (P < 0.001). For abbreviation see Figure 1.

FIG. 3. Time course of stimulation of GM-CSF secretion. THP-1 macro-
phages were incubated with 500 µM albumin-bound linoleate (BSA-
18:2, closed symbols) or BSA (300 µM) alone (control, open symbols)
for the periods of time indicated. GM-SCF in the supernatant was deter-
mined with an ELISA method as described in the Experimental Proce-
dures section. The points in the curve represent the mean ± SEM of three
dishes. For abbreviation see Figure 1.

FIG. 4. BSA-linoleic acid produces a concentration-dependent increase
in total cell TAG (●) and DAG (●●). Cells were incubated for 24 h with
different concentrations (0–1000 µM) of BSA-linoleic acid (18:2). Total
cell lipid extracts were used to separate the lipids by HPLC as described
in the Experimental Procedures section. In all dishes, including the con-
trol (0 µM), the culture medium was supplemented with 300 µM BSA.



the way down to the basal level of secretion in control cells
(Fig. 5A). Thus, the stimulation of GM-CSF secretion by
linoleic acid and by PMA appeared to be calcium dependent. 

PKC activation of the ERK-kinase cascade. PKC and the
downstream MAP kinase pathway are activated by DAG and
PMA and are part of a phosphorylation cascade that has

cytosolic and nuclear targets in macrophages (20,21). To ex-
amine whether ERK participates in the linoleic acid-induced
production of GM-CSF, THP-1-differentiated cells were pre-
treated with PD 098059, an inhibitor of MAP kinase/ERK ki-
nase (MEK), an upstream kinase of ERK (22). At 10 µM, PD
098059 inhibited the linoleic acid- and PMA-increased produc-
tion of GM-CSF by ~60 and ~70%, respectively (to basal level,
P < 0.001) (Fig. 5B). To determine the effect of inhibition of
both PKC and ERK MAP kinase on linoleic acid-dependent
GM-CSF production, the macrophages were pretreated with
both 1 µM BIM and 10 µM PD098059 for 1 h, and experiments
corresponding to Figures 5A and 5B were performed. The de-
crease in GM-CSF production in response to both inhibitors
did not reach beyond that of PD 098059 alone (not shown). The
variation in stimulation of GM-CSF reached with BSA-linoleic
acid or PMA in panels A and B of Figure 5 represents varia-
tion between experiments (different THP-1 macrophage prepa-
rations). 

The participation of downstream components of the MAPK
cascade triggered by linoleic acid was confirmed by analysis of
phosphorylation of the ERK/MAP kinase. Two approaches
were used. By the ERK substrate method, we detected a twofold
rise in phosphorylated Elk-1 (transcription factor), independent
of the amount of ERK protein, after 24 h incubation with BSA-
linoleic acid (not shown). The phosphorylation of ERK 1 and 2
also increased with incubation time in the presence of BSA-
linoleic acid, independently of the amount of ERK protein (Fig.
6). Growth factors and stress-induced cytokine production me-
diated by the MAP kinases cascade can also use the stress-acti-
vated protein kinases (SAPK) p38 and JNK as downstream sig-
nals. To determine whether other ERK-related kinases such as
SAPK/JNK and p38 MAP kinase are involved in the produc-
tion of GM-CSF, we measured phosphorylation of SAPK/JNK
and p38 by using antibodies specific for activated SAPK/JNK
and p38. We detected phosphorylation of SAPK/JNK only at 1
and 2 h after start of incubation with BSA-linoleic acid but sim-
ilar amounts of SAPK/JNK were detected at all time points
(data not shown). We found phosphorylation of p38 only at 0
and 1 h, whereas the amounts of p38 protein were similar at all
time points (data not shown).
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FIG. 5. Effects of kinase modulators and calcium channel blockage on
BSA-linoleic acid and phorbol myristate acetate (PMA)-induced secre-
tion of GM-CSF. Protein kinase C inhibition and calcium channel block-
age (panel A) or inhibition of mitrogen-activated protein kinase/extra-
cellular signal-regulated kinase (panel B) modulate GM-CSF secretion.
THP-1 macrophage cells were incubated with bisindolylmaleimide 1
(BIM, 1 µM), nifedipine (Nif, 100 µM), or PD 098059 (10 µM) for 1 h
and then treated with 800 µM BSA-linoleic acid (LA), PMA (5 nM), or
800 µM linoleic acid plus 5 nM PMA (LA + PMA) in the presence of the
modulators as indicated for 24 h. ELISA was used for measurement of
GM-CSF in the supernatant as described in the Experimental Procedures
section. The bars represent average ± SD of three or four individual de-
terminations. Bars that were judged statistically different from the con-
trol (one-way ANOVA and Newman–Keuls test) are indicated by * (P <
0.05) and *** (P < 0.001). In all dishes, including the control, the cul-
ture medium was supplemented with 300 µM BSA. Nifedipine, 1,4-di-
hydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridinedicarboxylic acid di-
methyl ester; PD 098059, 2-(2-amino-3-methoxyphenyl)-4H-1-ben-
zopyran-4-one; for other abbreviation see Figure 1.

FIG. 6. BSA-linoleic acid and PMA induce phosphorylation of extracel-
lular signal-regulated kinase (ERK) 1 and 2. Lysates from THP-1
macrophage cells treated with BSA-linoleic acid (800 µM) or PMA (80
nM) for the indicated times were used for SDS-PAGE. Immunoblots
were obtained using anti-ERK 2 (bottom panel) or the phosphospecific
anti-ERK 1/2 (top panel) antibodies. For other abbreviation see Figure 5.



DISCUSSION 

Searching for potential mechanisms by which elevated circu-
lating NEFA may contribute to atherosclerosis, we exposed a
human macrophage model, THP-1 macrophages, to NEFA in
vitro. We found that NEFA induced increased secretion of an
important cytokine, GM-CSF; the effect was calcium depen-
dent, and we found indications of downstream mechanisms. 

In the experiments shown in Figures 5 and 6, the THP-1
macrophages were challenged with 800 µM of albumin (300
µM)-bound linoleic acid in combination with various modula-
tors. The choice of NEFA concentration and type can be chal-
lenged. As mentioned in the Results section, linoleic acid
(18:2) was chosen because it is a prominent component in
human plasma and because oleic (18:1) and linolenic acids
(18:3) induced similar increases in GM-CSF secretion. An al-
ternative approach would have been to use a mixture of FA that
mimics a more physiological situation. The use of mixtures
with several physiologically relevant compositions is an im-
portant question that should be addressed in depth in a separate
set of studies. The concentration of NEFA, 800 µM, was cho-
sen not only because we observed the greatest increase in GM-
CSF secretion at that level (Fig. 2) but also because it may rep-
resent a physiologically relevant high level of circulating
NEFA in type 2 diabetes. Disparate figures on circulating lev-
els of NEFA in type 2 diabetes have been reported. Although
fairly high levels of NEFA can be found in uncompensated di-
abetes, most diagnosed type 2 diabetes patients receive some
kind of treatment and medication. Reaven et al. (3) reported a
variation of 400–800 µM NEFA over 24 h in nonobese type 2
diabetics and 150–500 µM NEFA over 24 h in healthy control
subjects. In another paper, 1400 µM was claimed to be a repre-
sentative level of NEFA found in type 2 diabetes (23). Carls-
son et al. (24) found that (type 2) diabetic subjects had higher
NEFA concentrations than nondiabetic subjects, that diabetic
women (averaging 900 µM fasting NEFA) had higher NEFA
concentrations than men, and that obese diabetics displayed the
highest levels of circulating NEFA. Mingrone et al. (25) re-
ported an average of 1517 µM NEFA in obese diabetic patients
(all receiving treatment). 

Our results indicate that the human THP-1 macrophage
cells, differentiated by pretreatment with phorbol esters, in-
crease their GM-CSF secretion in response to albumin-bound
NEFA (Fig. 2). The effect was also seen on a transcriptional
level (Fig. 1). Secretion of GM-CSF by macrophages in grow-
ing atherosclerotic lesions is thought to enhance macrophage
accretion and smooth muscle cell migration from the media
into the intima (26). GM-CSF also has been proposed to have a
tissue remodeling role in atherosclerosis by inducing the secre-
tion of specific extracellular matrix components by smooth
muscle cells (27). Moreover, in human lesions GM-CSF was
found to be a mediator of myeloperoxidase secretion by macro-
phages, an effect that may contribute to plaque rupture at ter-
minal stages of cardiovascular events (28).

Chronic exposure to high circulating levels of NEFA appears
to be causal for insulin resistance in muscle, adipose tissue, and

probably liver. Some of these actions seem mediated by an in-
tracellular increase of DAG and subsequent activation of PKC,
which in turn interfere with normal insulin signaling (29–31).
Our results suggest that NEFA increased GM-CSF by raising
intracellular DAG, which results in activation of a PKC-MAPK
phosphorylation cascade. The THP-1 macrophages appeared
to incorporate the FA rapidly and avidly and to synthesize and
store them in the form of DAG and TAG (Fig. 4). Visual in-
spection revealed lipid droplets incorporated in the macro-
phages, and this was more pronounced in the dishes where the
cells were exposed to higher amounts of NEFA. The observa-
tion that inhibition of PKC by BIM partially inhibited the pro-
duction of GM-CSF induced by NEFA and PMA (Fig. 5A)
suggests that conventional and novel PKC isoforms that are
sensitive to DAG activation participate in the chain of events
leading to increased secretion. The effect also appeared to be
calcium dependent, as the blockade of calcium channels with
nifedipine abolished GM-CSF induction (Fig. 5A). PMA is a
potent DAG analog that induces PKC activation, which in turn
provokes many cellular responses in monocytic cells, appar-
ently by similar mechanisms as those used by the natural lipid
mediator (32). Whether it is the FA per se, or the resulting
DAG, or both that activate PKC is difficult to determine, but
we can conclude that NEFA increased GM-CSF secretion and
that the effect could be decreased by PKC inhibition. 

The activation of PKC in THP-1 macrophages and the abil-
ity of PKC to activate components of the downstream MAPK
cascade suggest that one or more of these MAPK cascade ele-
ments are involved in GM-CSF production. These activation
events may occur via parallel pathways (20). We found that PD
098059, which inhibits MEK, decreased the production of GM-
CSF by linoleic acid and PMA-exposed THP-1 macrophages
(Fig. 5B). Furthermore, Western blot results showed that in the
THP-1 cells, activation of the ERK MAP kinase by linoleic
acid was persistent (Fig. 6), as has been described for DAG in
other monocytic cell lines (33). The rather slow kinetics of
ERK activation may indicate an autocrine regulatory loop in-
duced by GM-CSF. Activation detected by phospho-specific
antibodies of other MAP kinase family downstream members,
such as p38 MAP kinase and JNK/SAPK, by NEFA and PMA
was found to last for only 1 to 2 h, although increased protein
levels were sustained for up to 24 h. 

Taken together, our observations indicate that high levels of
albumin-bound FA, probably by increasing intracellular con-
centrations of DAG and subsequent activation of PKC and the
MAPK/ERK pathway, can augment the secretion of GM-CSF
from macrophages. We speculate that a similar phenomenon in
arteries of individuals with insulin resistance may add to the
atherogenic response triggered by the dyslipidemia associated
with this condition.
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ABSTRACT: An extracellular lipase (EC 3.1.1.3) from Geotrichum
marinum was purified 76-fold with 46% recovery using Octyl
Sepharose 4 Fast Flow and Bio-Gel A 1.5 m chromatography. The
purified enzyme showed a prominent band on SDS-PAGE and a
single band on native PAGE based on the activity staining. The mo-
lecular mass of the lipase was estimated to be 62 kDa using SDS-
PAGE and Bio-Gel A chromatography, indicating that the lipase
likely functions as a monomer. The pI of the lipase was determined
to be 4.54. The apparent Vmax and Km were 1000 µmol/min/mg
protein and 11.5 mM, respectively, using olive oil emulsified with
taurocholic acid as substrate. The lipase demonstrated a pH opti-
mum at pH 8.0 and a temperature optimum at 40°C. At 6 mM,
Na+, K+, Ca2+, and Mg2+ stimulated activity, but Na+ and K+ at 500
mM and Fe2+ and Mn2+ at 6 mM reduced lipase activity. The an-
ionic surfactant, taurocholic acid, and the zwitterionic surfactant,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate,
enhanced the activity at 0.1 mM. Other anionic surfactants such as
SDS and sodium dioctyl sulfosuccinate, the cationic surfactants
methylbenzethonium bromide and cetyltriethylammonium bro-
mide, and the nonionic surfactants Tween-20 and Triton X-100 in-
hibited the lipase activity to different extents. The lipase was found
to have a preference for TG containing cis double bonds in their
FA side chains, and the reaction rate increased with an increasing
number of double bonds in the side chain. The lipase had a prefer-
ence for ester bonds at the sn-1 and sn-3 positions over the ester
bond at the sn-2 position.

Paper no. L9339 in Lipids 39, 251–257 (March 2004).

Lipases [EC 3.1.1.3, triacylglycerol (TG) acylhydrolase] are
versatile enzymes that catalyze both the hydrolysis and the syn-
thesis of esters formed from glycerol and long-chain FA (1).
Numerous potential uses have been explored in various fields
in the last decade (2,3). Lipases occur in animals, plants, and
microorganisms. Among the different biological sources of the
lipases studied, filamentous fungi are thought to be the best
source for industrially useful lipases because these lipases are
usually extracellular and soluble. Fungal lipases from the gen-

era Geotrichum, Penicillium, Aspergillus, Rhizopus, and Rhi-
zomucor (4) have been the most widely studied and conse-
quently are the most widely used in industrial applications. The
selectivity of lipases for saturated or unsaturated FA has
brought about an increasing interest in using lipases as poten-
tial catalysts to selectively enrich certain FA (5–7). Most Geo-
trichum lipases are from the species G. candidum (8–10). Li-
pases from different fungi, different species, or even different
strains of the same species may differ in their molecular or cat-
alytic properties (11). In this paper, we describe the production,
purification, and characterization of an extracellular lipase from
the marine fungus G. marinum, which requires the salt concen-
tration of seawater for optimal growth. 

MATERIALS AND METHODS

Materials. Trizma maleate, olive oil, triolein, trilinolein, tri-
linolenin, trielaidin, tristearin, taurocholic acid, 3-[(cholamido-
propyl)dimethylammonio]-1-propanesulfonate (CHAPS), FFA
(oleic acid), 1,2(2,3)-dioleoyl-sn-glycerol [1,2(2,3)-DG], 1,3-
diacylglycerol (1,3-DG: 1,3-diolein), monoacylglycerol (2-
monoolein), Fast Blue RR Salt, bovine IgG, BSA ovalbumin,
carbonic anhydrase, glyceraldehyde-3-phosphate dehydroge-
nase, α-lactalbumin, Tween-20, Triton X-100, SDS, sodium
dioctyl sulfosuccinate, methylbenzethonium bromide, cetyltri-
ethylammonium bromide, polyoxyethlene 10-tridecyl ether,
and reagents for PAGE were all purchased from Sigma Chemi-
cal Company (St. Louis, MO). Octyl Sepharose 4 Fast Flow
was purchased from Pharmacia Biotech (Uppsala, Sweden).
Bio-Gel A 1.5 m was obtained from Bio-Rad Laboratories
(Hercules, CA). Bicinchoninic acid (BCA) was from Pierce
Chemical Co. (Rockford, IL). Instant Ocean synthetic sea salt
was purchased from Aquarium Systems Inc. (Mentor, OH).

Fungus. Geotrichum marinum (ATCC 20614) was main-
tained in a medium containing 2% (wt/vol) glucose and 1%
(wt/vol) yeast extract in seawater at 23°C with rotary shaking
at 120 rpm. The fungus was transferred to a new medium at
6-d intervals. The seawater used in the medium was made by
dissolving 38 g Instant Ocean synthetic sea salt in 1 L distilled
water.

Lipase production. Eighty milliliters of 6-d subculture, grown
as described in the preceding paragraph, was inoculated into 800
mL YO medium containing 0.5% (wt/vol) yeast extract and 2%
(vol/vol) olive oil in seawater (as defined in the preceding para-
graph) in a 4-L flask. The fungus was then incubated at 23°C in
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a Lab-Line rotary incubator (Melrose Park, IL) at 200 rpm for
4 d. The culture medium was filtered through Whatman #2 fil-
ter paper, and the filtrate was stored at −20°C for further use.

Lipase purification. Two hundred milliliters of Octyl
Sepharose 4 Fast Flow, pre-equilibrated with 10 mM imidazole
buffer, pH 6.8, was added to 2000 mL of culture filtrate, and
the mixture was gently agitated at room temperature for 2 h.
The resin was collected by passing the mixture through a Buch-
ner funnel fitted with a fritted glass disk. The collected resin
was resuspended and loaded into a 3.0 × 50 cm column. The
packed column was washed with 1800 mL of 10-mM imida-
zole buffer, pH 6.8, and a certain amount of water at a flow rate
of 1 mL/min, and the enzyme was eluted from the column
using 0.5% polyoxyethylene 10-tridecyl ether in 10 mM imid-
azole buffer at a flow rate of 0.5 mL/min. Fractions of 5 mL
each were collected. The protein concentration in each fraction
was determined by the BCA method (12), and the activity in
each fraction was assayed using the emulsion assay method de-
scribed in the following section (13).

Fractions containing significant enzyme activity were
pooled and concentrated to 4 mL using an Amicon centriflo
membrane cone (Amicon, Beverly, MA) under vacuum. The
concentrated enzyme was applied onto a 2.0 × 80 cm Bio-Gel
A 1.5 m column (Bio-Rad Laboratories) pre-equilibrated with
50 mM potassium phosphate buffer, pH 7.5, containing 10%
glycerol. The proteins were eluted from the Bio-Gel column
with the same buffer at a flow rate of 0.3 mL/min, and 3 mL
fractions were collected. The protein concentration in each
fraction was measured by absorbance at 280 nm (O.D.280), and
the lipase activity in each fraction was measured using the
emulsion assay (13). The active fractions were pooled, and the
protein concentration was determined by the BCA method. 

Assay of lipase activity. Lipase activity was measured with
the emulsion assay method described by Mozaffar and Weete
(13). Briefly, the reaction mixture was made by combining 2
mL 0.2 M Tris maleate–NaOH buffer, pH 7.5, 1 mL 0.06 M
CaCl2, 1 mL olive oil emulsion (50%, vol/vol, olive oil and 2
mM taurocholic acid), and appropriate amounts of distilled
water and lipase preparation to make up 10 mL of the final vol-
ume of reaction mixture. The reaction mixture was mixed well
and incubated at 40°C on a reciprocal shaker at 60 rpm for 60
min. After incubation, the mixture was shaken vigorously with
20 mL of acetone/ethanol (1:1, vol/vol) to stop the enzyme re-
action and break down the emulsion. The amount of FFA liber-
ated during the reaction was titrated with 0.1 M NaOH on an
autotitrator system (ABU901 and PHM290; Radiometer Amer-
ica, Inc., Westlake, OH). One unit of lipase activity was defined
as the amount of enzyme required to liberate 1 µΜ equivalent
of FFA per minute. Specific activity was defined as units of li-
pase activity per milligram protein.

Protein assay. Protein concentrations in the culture medium
and fractions collected from the Octyl Sepharose column were
determined with the BCA method. Proteins in the fractions col-
lected from the Bio-Gel A column were measured by O.D.280.
Proteins in the culture medium and fractions collected from
both hydrophobic chromatography and gel filtration chroma-

tography were determined with the BCA method. Bovine IgG
was used as the standard.

Molecular mass, isoelectric point, and kinetic parameters.
Molecular mass of the G. marinum lipase was determined by
SDS-PAGE (11) using a 10% slab gel and gel filtration on a
Bio-Gel A 1.5 m column (2.0 × 80 cm). For SDS-PAGE, BSA
(66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate
dehydrogenase (36 kDa), and carbonic anhydrase (29 kDa)
were used as M.W. markers, and the gel was stained using
Coomassie brilliant blue R-250 (14). For gel filtration chroma-
tography, cytochrome C (12.4 kDa), carbonic anhydrase (29
kDa), alcohol dehydrogenase (150 kDa), and blue dextran
(2000 kDa) were used as standards to calibrate the column. 

Isoelectric focusing (IEF) was performed on a precast IEF
agarose gel (Hypure Gel FS-5080, pH 4–6; EG&G Wallac,
Akron, OH) at 40 W for 60 min at 12–15°C after loading an
8.5-µL purified sample into the well. The gel was stained using
Coomassie brilliant blue R-250 as just described. The pH gra-
dient was determined by cutting the gel into 1-cm pieces and
soaking the individual pieces in 10 mM KCl for 30 min. The
pH of each KCl extract was then determined using a pH meter.

Values for the apparent Km and Vmax were determined from
double reciprocal plots of substrate concentration vs. initial re-
action rates (15). Eleven concentrations, from 1 to 150 mM, of
triolein and 30 µL of enzyme preparation were chosen for mea-
suring enzyme activity by the emulsion assay method just de-
scribed. Initial rates for all triolein concentrations were deter-
mined by decreasing the amount of enzyme preparation to a
proper level and standardizing it to the same protein concentra-
tion. 

Active staining. The purified lipase was analyzed on a 7.5%
polyacrylamide gel under nondenaturing conditions, and the
lipolytic active zone was identified by staining the gel with
0.03% Fast Blue RR salt, 0.05% α-naphthyl acetate, and 1% ace-
tone in 25 mM Tris–HCl buffer at pH 7.4 (16). The substrate α-
naphthyl acetate used in this experiment can also be used to de-
tect nonlipase-type ester hydrolase (EC 3.1.1.1) activity.

Effect of temperature and pH on lipase activity. The effect
of temperature on lipase stability was determined by measur-
ing the activity remaining (emulsion assay) after incubation of
the purified lipase at 20, 40, 60, and 80°C for different times.
The incubations were started sequentially at the scheduled
times to make different incubation times such that 5-, 10-, and
15-min time points were taken for 60 and 80°C only, whereas
0-, 20-, 40-, 60-, 120-, 180-, and 240-min incubation times
were taken for all temperature treatments. 

The optimal temperature for activity was measured from 20
to 60°C at 10°C intervals using the emulsion assay just de-
scribed.

The optimal pH for the lipase reaction was analyzed by the
emulsion assay method at different pH values. Different pH
values of the reaction mixture were made by adjusting 0.2 M
Tris maleate buffer to different pH values, from pH 4.0 through
10.0, with either 1 M HCl or 1 M NaOH. The emulsion assay
was performed as just described except for changes in the pH
value of the buffer.
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Effect of metal ions on lipase activity. The effect of metal
ions on lipase activity was measured using the aforementioned
emulsion assay method except that CaCl2 was omitted from the
base reaction and replaced with distilled water. Reaction rates
with added metal ions (6 mM final concentration for both
monovalent and divalent ions, and 500 mM final concentration
for NaCl and KCl) were then compared with the ion-free blank
reaction. 

Effect of surfactant on lipase activity. To determine the ef-
fect of various surfactants on lipase activity, the emulsion assay
described earlier was used with 1 mL olive oil emulsion from
Sigma (50%, vol/vol) as the substrate. Each selected surfactant
was added to the reaction mixture at a final concentration of
0.1 and 1 mM, and the reaction mixture was mixed well by vig-
orous shaking. The surfactants tested were anionic (taurocholic
acid/Na, SDS, and sodium dioctyl sulfosuccinate), cationic
(methylbenzethonium bromide and cetyltriethylammonium
bromide), zwitterionic (CHAPS), and nonionic (Tween-20 and
Triton X-100). 

Substrate specificity determination. To determine the pref-
erence of the purified lipase for specific substrates, various TG
with differing degrees of unsaturation in the side-chain FA
were used as substrates in the emulsion assay. The substrates
tested were tristearin (18:0), triolein (18:1cis-9), trielaidin
(18:1trans-9), trilinolein (18:2cis-9,12) and trilinolenin
(18:3cis-9,12,15). An emulsion of each of these substrates was
made by sonicating 5 mL of 100-mM selected substrate in 1
mM taurocholic acid for 1 min on ice. One milliliter of each
emulsion was then used in a standard 10-mL reaction mixture
as described in the aforementioned emulsion activity assay. The
final concentration of each substrate in the reaction mixture
was 10 mM.

Position preference determination. To prevent acyl migra-
tion, the triolein hydrolysis reaction was carried out at 20°C.
At 0, 5, 15, and 30 min during the course of triolein hydrolysis,
2-mL aliquots were removed and mixed with 10 mL diethyl
ether by vortexing to stop the reaction and to extract the prod-
ucts. The organic layer was removed and concentrated under a
stream of nitrogen gas. The extracted product was dissolved in
diethyl ether to a concentration of about a 50-µg equivalent of
triolein. The products were analyzed by TLC on 250-µm Silica
gel 60 on a 10 × 20 cm glass plate. Four hundred micrograms
of each sample was applied to the TLC plate, and the plate was
developed in a chamber with hexane/diethyl ether/acetic acid
(79:20:4, by vol) as the solvent system. Before development,
the chamber was saturated for 4 h with the same developing
solvent system. The components of the products were visual-
ized with iodine vapor and identified by comparison of their Rf
values with those of known standards. The visualized spots on
the TLC plates were quantified with a scanner (Quick Scan R
& D; Helena Laboratories, Beaumont, TX).

RESULTS

Lipase purification. The lipase from G. marinum was purified
by affinity and gel-filtration chromatographies. Significant ini-

tial purification was obtained by affinity chromatography on an
Octyl Sepharose column using a low ionic strength buffer (10
mM imidazole buffer, pH 6.8). Under these conditions, lipase
binds strongly to the Octyl Sepharose resin, whereas most other
proteins in the culture filtrate do not bind to the resin (data not
shown). Following the binding of lipases to the resin and pack-
ing of the resin in a column, the column was washed with water
until the O.D.280 was reduced to nearly zero. The column was
then washed with 0.5% detergent, and the main lipase activity
was eluted in a single sharp peak (Fig. 1A). Fractions 35–44
were pooled and concentrated to a small volume. Although
slightly more than 1% of the protein in the crude culture filtrate
was recovered in the Octyl Sepharose purified fraction, 66% of
the enzyme activity applied to the resin was recovered, and the
specific activity increased 56-fold, as shown in Table 1. The
pooled fractions were enriched in a 62-kDa protein, as shown
by SDS-PAGE (Fig. 2A). 
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FIG. 1. Chromatographies of the lipase from Geotrichum marinum
ATCC 20614. (A) Column chromatography on Octyl Sepharose 4 Fast
Flow (Pharmacia Biotech, Uppsala, Sweden). Lipase was eluted with
0.5% polyoxyethylene 10-tridecyl ether. The volume for each fraction
was 5 mL. Protein concentration (--●●--) was determined by the bicin-
choninic acid (BCA) method. Lipase activity (—●—) was measured with
the emulsion assay method. (B) Gel filtration chromatography on Bio-
Gel A (Bio-Rad Laboratories, Hercules, CA). Lipase was eluted with 50
mM phosphate buffer, pH 7.5, starting at fraction 1. Protein concentra-
tion (--●●--) was determined by absorbance at 280 nm (O.D.280). Lipase
activity (—●—) was measured by the emulsion assay method.



The pooled, concentrated sample from the Octyl Sepharose
column was subsequently applied to a Bio-Gel A column; the
peaks of lipase activity eluted from this column are shown in
Figure 1B. A single, relatively symmetrical peak of enzyme ac-
tivity eluted from the Bio-Gel A column, whereas two main
peaks of protein were observed based on the absorbance of the
fractions at 280 nm. The initial large protein peak contained a
high amount of contaminating protein (not demonstrating li-
pase activity), whereas a smaller protein peak eluting in frac-
tions 22–41 (Fig. 1B) corresponded to the lipase activity elut-
ing from the column. The pooled, lipase-containing fractions
from the Bio-Gel A column contained slightly more than 50%
of the protein and 70% of the enzyme activity applied to the
column, yielding 46% of the total lipase activity in the crude
culture filtrate and 76-fold purification (Table 1). The pooled
fractions showed a single clear band in SDS-PAGE (Fig. 2A)
and a single active band in native PAGE gel (Fig. 2B).

Molecular mass, isoelectric point, and kinetic parameters.
The molecular mass of 62 kDa for the purified G. marinum
lipase was obtained by both SDS-PAGE (Fig. 2A) and gel-fil-

tration chromatography. The isoelectric point for the purified
lipase was pH 4.54 based on its focusing on the IEF gel. Ki-
netic constants for the purified lipase from G. marinum were
obtained using the emulsion assay method with triolein as the
substrate. The apparent Km and Vmax values obtained from the
Lineweaver–Burk plot using a linear regression analysis were
11.5 mM and 1000 µmol/min/mg protein, respectively. 

Effect of temperature and pH on lipase activity. To analyze
the stability of the purified lipase against temperature, lipase ac-
tivity was determined after incubation at different temperatures
for various time periods, as outlined in the Materials and Meth-
ods section. The lipase was stable at 20 and 40°C for at least 1 h.
However, after 1 h the lipase activity began to decrease. When
the lipase was incubated at 20 and 40°C for 4 h, it retained 52
and 49% of its full activity. Lipase activity was significantly
more sensitive to higher temperatures. Incubation at 60 and 80°C
for 5 min resulted in losses of 92 and 98% activity, respectively. 

The optimal temperature for activity determination was ex-
amined within a range of 20 to 60°C. The rate of catalysis, as
demonstrated by specific activity, increased slightly between
20 and 40°C. The highest activity was obtained at 40°C under
the conditions described in the Materials and Methods section.
However, the activity decreased dramatically at 50 and 60°C.

The effect of pH on lipase activity was studied in a range
from pH 4 to 10. The lipase was found to be most active at pH
8 and 40°C using a 60-min reaction, as shown in Figure 3. The
lower pH obviously decreased the lipase activity. At pH 4.0, no
lipase activity was obtained, and only 20% of the total activity
was obtained at pH 5.0.
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TABLE 1
Purification of an Extracellular Lipase from Geotrichum marinum

Specific activity Purification
Steps Volume (mL) Protein (mg) (µmol/min/mg protein) Yield (%) factor

Culture 2000 1134 10.23 100 1
Octyl Sepharosea 55.7 13.35 575 66 56
Bio-Gel Ab 55.7 6.96 773 46 76
aOctyl Sepharose 4 Fast Flow (Pharmacia Biotech, Uppsala, Sweden).
bBio-Gel A 1.5 m (Bio-Rad Laboratories, Hercules, CA).

FIG. 2. Analysis of proteins at different stages during purification of the
lipase from G. marinum by PAGE. (A) Analysis of proteins from each
purification step by 10% SDS-PAGE. The gel was stained with
Coomassie brilliant blue R-250. Lane 1, standard proteins: (a) BSA (66
kDa); (b) ovalbumin (45 kDa); (c) glyceraldehyde-3-phosphate dehy-
drogenase (36 kDa); (d) carbonic anhydrase (29 kDa); lane 2, crude
preparation; lane 3, after Octyl Sepharose column chromatography;
lane 4, after Bio-Gel A gel filtration chromatography. (B) Analysis of the
lipase from G. marinum by 7.5% native PAGE. Lane 1, sample from the
culture broth; lane 2, lipase preparation from Bio-Gel A. The active
zone was identified by staining the gel with 0.03% Fast Blue RR salt,
0.05% α-naphthyl acetate, and 1% acetone in 25 mM Tris–HCl buffer
at pH 7.4. For column suppliers and abbreviation, see Figure 1.

FIG. 3. Effect of pH on G. marinum lipase activity. Lipase activities were
measured by the emulsion assay method. See Figure 1 for abbreviation.



Effect of metal ions on lipase activity. Two monovalent (Na+

and K+) and five divalent ions (Ca2+, Co2+, Fe2+, Mg2+, and
Mn2+) were tested for their effects on the activity of the G. mar-
inum lipase. As shown in Table 2, different metal ions had dif-
ferent effects on the activity of the lipase from G. marinum.
The monovalent ions, Na+ and K+, enhanced the activity by 17
and 16% at 6 mM, but Na+ and K+ decreased the activity by 58
and 67% when the concentration was increased to 500 mM. Di-
valent ions affected the activity differently at 6 mM. Ca2+ and
Mg2+ increased the activity by 4 and 25%, whereas Co2+ had
no effect on the activity. Fe2+and Mn2+ inhibited the activity
by 49 and 48%.

Effect of surfactant on lipase activity. The effects of two
concentrations (0.1 and 1.0 mM) of eight selected surfactants
on G. marinum lipase activity were determined. As shown in
Table 3, at 0.1 mM, taurocholic acid and CHAPS enhanced the
lipase activity by 239 and 263%, respectively, but at 1 mM,
only taurocholic acid increased the activity (by 50%) and
CHAPS inhibited the activity by 33%. All other surfactants
tested inhibited the lipase activity to different extents. SDS,
cetyltriethylammonium bromide, Tween-20, and Triton X-100

totally inhibited the lipase activity at 0.1 and 1 mM. Sodium
dioctyl sulfosuccinate and methylbenzethonium bromide in-
hibited the lipase activity by 45 and 14% at 0.1 mM, and by 47
and 98% at 1 mM, respectively.

Substrate specificity. Geotrichum marinum lipase activity,
as a function of the degree of unsaturation of the FA sub-
stituents in TG substrates, was determined to evaluate the sub-
strate specificity. The lipase was found to have a strong prefer-
ence for substrates containing cis-unsaturated FA substituents
(Table 4). Upon setting the activity using triolein (18:1cis-9) as
a substrate at 100%, the activity toward trielaidin (18:1trans-9)
was only 46%. For the substrates containing exclusively satu-
rated FA side chains, e.g., tristearin (18:0), no hydrolysis was
observed. However, activities toward trilinolein (18:2cis-9,12)
and trilinolenin (18:3cis-9,12,15) were 109 and 116% of that
obtained using triolein (18:1cis-9).

Position preference. TLC analysis of the products from the
triolein hydrolysis by G. marinum lipase showed that 1,2- and
2,3-DG were readily released, along with a small amount of
1,3-DG (Fig. 4). Quantification by scanning the spots showed
that the amount of 1,2(2,3)-DG was more than 10 times that of
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TABLE 2
Effect of Metal Ions on G. marinum Lipase Activity

Specific activitya

Treatment (µmol/min/mg protein) Relative activity (%)b

Control (no metal ions) 380.9 ± 9.4 100
NaCl (6 mM) 445.1 ± 8.0 117
NaCl (500 mM) 158.4 ± 7.3 42
KCl (6 mM) 440.6 ± 9.1 116
KCl (500 mM) 123.9 ± 1.5 33
CaCl2 (6 mM) 395.0 ± 1.5 104
MgCl2 (6 mM) 475.4 ± 4.8 125
FeCl2 (6 mM) 192.5 ± 3.8 51
MnCl2 (6 mM) 199.9 ± 2.0 52
CoCl2 (6 mM) 377.4 ± 6.3 99
aThe activities were assayed by the emulsion method described in the Mate-
rials and Methods section and represent the arithmetic mean ± SD of three
determinations.
bThe activities are expressed relative to the activity obtained without adding
metal ions. See Table 1 for abbreviation.

TABLE 3
Effect of Surfactant on G. marinum Lipase Activity

Relative activity (% ± SD)b

Surfactanta 0.1 mM 1 mM

None 100 ± 7 100 ± 6
Taurocholic acid 339 ± 23 150 ± 13
SDS 0 ± 0 0 ± 0
Sodium dioctyl sulfosuccinate 55 ± 21 53 ± 3
Methylbenzethonium bromide 86 ± 27 2 ± 1.5
Cetyltriethylammonium bromide 0 ± 0 0 ± 0
CHAPS 363 ± 21 67 ± 22
Tween-20 0 ± 0 0 ± 0
Triton X-100 0 ± 0 0 ± 0
aCHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
see Table 1 for other abbreviation.
bEach value is the arithmetic mean ± SD of three determinations. The rela-
tive activities were calculated relative to the control (without additives) using
mean values.

TABLE 4
Substrate Specificity of G. marinum Lipase Activity

Specific activitya

(µmol/min/mg Relative 
Substrate protein ± SD) activity (%)b

Triolein (18:1cis-9) 448.3 ± 3.5 100
Trilinolein (18:2cis-9,12) 489.8 ± 2.4 109
Trilinolenin (18:3cis-9,12,15) 520.8 ± 5.6 116
Trielaidin (18:1trans-9) 205.9 ± 1.9 46
Tristearin (18:0) 0 0
aThe activities were assayed by the emulsion method described in the Mate-
rials and Methods section and represent the arithmetic mean ± SD of at least
three determinations. 
bThe relative activities are expressed relative to the activity obtained using
triolein as substrate.

FIG. 4. TLC of products of triolein hydrolysis by G. marinum lipase. The
reaction conditions are given in the Materials and Methods section. TG,
triolein; FFA (oleic acid); 1,3-DG, 1,3-diacylglycerol (diolein); 1,2(2,3)-
DG, 1,2(2,3)-diacylglycerol (1,2(2,3)-dioleoyl-sn-glycerol); MG, mono-
acylglycerol (2-monoolein). Lane 1, standards; lane 2, sample from the
reaction mixture (0 min); lane 3, products from the hydrolysis after a 5-
min reaction; lane 4, products from the hydrolysis after a 15-min reac-
tion; lane 5, products from the hydrolysis after a 30-min reaction. See
Figure 1 for abbreviation.



1,3-DG, indicating that G. marinum lipase had a preference for
ester bonds at the sn-1 and sn-3 positions over the ester bond at
the sn-2 position.

DISCUSSION

Purification of the lipase from G. marinum in this study in-
volved removal of fungal mycelium by filtration, followed by
affinity chromatography using Octyl Sepharose at a low salt
concentration and gel-filtration chromatography on a Bio-Gel
A column, which gave a 76-fold purification and 46 recovery
of the total lipase activity. The purification presented here was
similar to the purification of lipases from G. candidum NRRL
Y-553 (17) in that Octyl Sepharose chromatography was used,
but the procedure differed in other steps. The purification of the
lipase from G. marinum demonstrated here also differed from
other G. candidum lipase purification procedures (10,18,19).
Most G. candidum lipase purifications contain either ammonia
sulfate or ethanol precipitation steps and an ion-exchange chro-
matography step. Our initial attempts to purify the lipase from
G. marinum included both ammonium sulfate precipitation and
ion-exchange chromatography steps, but only 10% of the lipase
activity was precipitated when up to 90% saturation of ammo-
nium sulfate was used. Using ion-exchange chromatography
on an AG MP-1 column (9), a single protein was purified that
appeared as a single protein band by SDS-PAGE, but this pro-
tein fraction lost all lipase activity during purification (data not
shown). These results suggest that the lipase from G. marinum
has a number of different properties from the lipases from G.
candidum (10,17,19).

Other studies have demonstrated that G. candidum produces
multiple lipases that differ in molecular mass within the range of
45 to 66 kDa, in pI within the range of pH 4.0 to 5.0, and in sub-
strate specificity according to the strain from which they come
(9,17,20–22). Unlike the multiple lipases with different speci-
ficities demonstrated in G. candidum strains, a single lipase with
molecular mass of 62 kDa and pI of 4.54 was purified from G.
marinum in this study. However, it cannot be concluded that G.
marinum produces only one lipase, since we found very low li-
pase activity in the Octyl Sepharose chromatography fractions
45 to 70, and the possibility that these or other fractions could
exhibit significant activity when assayed using other conditions
or substrates cannot be ruled out. However, the prominent lipase
activity in G. marinum was observed in fractions 35 to 44, which
was purified and further characterized in this study. 

The lipase from G. marinum had a preference for substrates
containing cis-unsaturated FA. The hydrolysis reaction against
TG increased with increasing numbers of double bonds in the
FA substituents. This result is consistent with the reports for li-
pases from Pythium ultimum (13), the extracellular lipase from
G. candidum (23), and lipase I from G. candidum (24). In con-
trast, the lipase purified from G. marinum is different from the
lipase from Candida deformans (25) and Humicola lanuginosa
No. 3 (26), whose activities were inhibited with increasing un-
saturation of the substrate. In this study, no activity against tri-

stearin (18:0) was detected. We reason that the poor emulsifi-
cation of tristearin occurred because the G. marinum lipase
showed almost the same activity against trioctanoin (8:0) as
against triolein (18:1) in a separate experiment.

The divalent ions Ca2+ and Mg2+ stimulated the hydrolysis
activity of the lipase from G. marinum, which is in agreement
with observations of other lipases from P. ultimum (13) and A.
terreus (27). Others have also reported the positive effect of Ca2+

for lipases from P. candidum (28), R. delemar (29), and P. ex-
pansum (30). In contrast, Ca2+ strongly inhibited the activity of
lipases from G. candidum (10) and P. citrinum (31). Mg2+ had a
negative effect on lipases from A. niger (32) and G. candidum
(10). However, Ca2+ and Mg2+ had neither a positive nor a nega-
tive effect on the activity of the lipase from Botrytis cinerea (33). 

Calcium may stimulate lipase activity by such mechanisms
as binding to the enzyme, resulting in conformational change
and facilitating the process through which the lipase moves into
the substrate–water interface, and/or by removing FA products
released by hydrolysis from the interface, possibly reducing
end-product inhibition of the reaction (34). For example, the
binding of calcium is known to be important for the structural
stabilization of Staphylococcus hyicus lipase and for catalytic
activity at high temperatures (35). However, stimulation of C.
rugosa lipase activity by calcium in a normal-phase emulsion
with olive oil as substrate was ascribed to the formation of cal-
cium salts in the FA reaction products (36), and the influence
of calcium ions on the titration efficiency of the liberated FA
was attributed to a reduction in end-product inhibition by long-
chain FA (37). Further explanation of the role of calcium ions
in G. marinum lipase cannot be inferred without determining
in some manner the calcium-binding properties of the enzyme.
This could be accomplished if calcium binding sites were ap-
parent, based on amino acid sequence similarity to other known
calcium-binding lipases. 

The G. marinum lipase described here differs in detail from
those reported from other species in the genus Geotrichum in
one or more of the following aspects: molecular mass, pI,
chemical properties, effect of Ca2+, and substrate specificity.
The two major differences are the responses to Ca2+ and Mg2+.
These properties in particular apparently make the G. marinum
lipase different from those lipases of other Geotrichum species.
Additionally, the preference of G. marinum lipase for unsatu-
rated substrates demonstrates the potential usefulness of this
enzyme for splitting and restructuring the unsaturated FA found
in TG. 
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ABSTRACT: Cholesterol ozonation was carried out in etha-
nol-containing aqueous or nonaqueous solvent, and the
ozonized products were analyzed by chemiluminescence de-
tection-HPLC with on-line electrospray MS (HPLC-CL-MS) and
characterized on the basis of NMR and FABMS. After the ozon-
olysis of cholesterol in water/ethanol (aqueous system) as well
as in chloroform/ethanol (nonaqueous system), a unique
ethoxyhydroperoxide molecule (7α-ethoxy-3β-hydroxy-5α-B-
homo-6-oxacholestane-5-hydroperoxide, termed “7α-ethoxy-5-
OOH”) appeared as main ozonation product. In addition to
structural analysis, we confirmed the remarkable cytotoxicity of
7α-ethoxy-5-OOH toward human lung adenocarcinoma A549
cells and found that its cytotoxicity is superior to that of the
commonly known autoxidized cholesterol (3β-hydroxycholest-
5-ene-7-one). Hence, 7α-ethoxy-5-OOH is a toxic molecule of
primary importance, arising during cholesterol ozonation in the
presence of ethanol. 

Paper no. L9370 in Lipids 39, 259–264 (March 2004)

Ozone, a very powerful oxidant, is frequently used for dis-
infection, deodorization, and bleaching of wastewater and
polluted air as well as foodstuffs (1). Since the primary tar-
gets of ozone are unsaturated lipids in cell membranes and
foods, the chemistry of ozone reactions with lipids has been
studied in detail (2–6). In particular, studies have focused on
the ozonolysis of cholesterol that yields various oxygenated
cholesterol derivatives (7–9). 

In the case of ozonation of cholesterol in organic solvents,
the reaction gave the expected ozonide, which was easily re-
duced to 3β-hydroxy-5-oxo-5,6-secocholestan-6-al as a major
product (Scheme 1A) (8,10). The same compound also was
formed in aqueous environments (7,9). By contrast, the
ozonation of cholesterol in alcohol-containing solvent pro-

ceeded via a unique pathway that yielded a unique solvent-
participated product (7). In 1988, Jaworski and Smith (11) in-
vestigated the reaction product of cholesterol with ozone in the
presence of alcohol, and they proposed its structure to be an
epidioxide, 7a-alkoxy-B-dihomo-6,7-dioxacholestan-3β,5-diol
(Scheme 1B). This epidioxide structure was corrected to
“alkoxy-hydroperoxide” (Scheme 1C; 7α-alkoxy-3β-hydroxy-
5α-B-homo-6-oxacholestane-5-hydroperoxide) on the basis of
recent NMR and X-ray studies (12–14).

Despite recent progress in the structural elucidation of
ozonized cholesterol, information on its formation and accu-
mulation in food and biological samples has never been
sought. In addition, little is known about the biological role
of cholesterol ozonation products, and whether ozonized cho-
lesterol is biologically more active than the commonly known
oxysterols (e.g., 3β-hydroxycholest-5-ene-7-one, a major
product of cholesterol autoxidation) has not been evaluated.
The causes of such uncertainty are many, but foremost among
them might be the lack of a suitable analytical method for
measuring ozonized cholesterol directly. Hence, in this study,
we report on an assay of cholesterol ozonation products and
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its use as a tool to gain insight into the role of these com-
pounds. Using a chemiluminescence detection-HPLC system
with on-line MS (HPLC-CL-MS), which we previously de-
veloped to measure ozonized phospholipids sensitively and
selectively (15), we found that 7α-ethoxy-3β-hydroxy-5α-B-
homo-6-oxacholestane-5-hydroperoxide (termed “7α-ethoxy-
5-OOH”) is a major product of cholesterol ozonolysis carried
out in an ethanol-containing aqueous or nonaqueous solvent.
In addition, we confirmed that 7α-ethoxy-5-OOH is highly
toxic for human lung tumor cells.

EXPERIMENTAL PROCEDURES

Materials. Cholesterol and FBS were purchased from ICN
Biomedicals Inc. (Aurora, OH). The 3β-hydroxycholest-5-
ene-7-one and RPMI-1640 medium were obtained from
Sigma (St. Louis, MO). Human lung adenocarcinoma A549
cells (TKG0184) were from the Cell Resource Center for Bio-
medical Research at Tohoku University School of Medicine
(Sendai, Japan). All other reagents were of analytical grade.

Generation of ozone. An EO-301 ozonator (Okano Works,
Osaka, Japan) was used for generating a 1.3% ozone-in-oxygen
stream. Cholesterol sample solutions were bubbled at a flow rate
of 100 mL/min under various conditions as described below.

Ozonation of cholesterol in chloroform/ethanol. Cholesterol
(460 mg) was dissolved in 100 mL of chloroform/ethanol (1:1,
vol/vol) and treated with ozone gas for 20 min under ice-cold
conditions (7). After ozonation, the reaction mixture was dried
and redissolved in 10 mL of chloroform. An aliquot portion (10
µL) was subjected to HPLC-CL-MS (detailed conditions as de-
scribed below) for monitoring the yields of ozonized lipids.

Ozonation of cholesterol in water. Cholesterol (100 mg)
was dissolved in 50 mL of acetone and then mixed with water
(120 mL). The resultant mixture (170 mL) was concentrated
to nearly 100 mL in a rotary evaporator. A 50-mL portion of
the concentrated aqueous dispersion (containing 50 mg of
cholesterol) was treated with ozone gas for 1 h at room tem-
perature. After that, 50 mL of chloroform was added to the
reaction mixture, shaken vigorously, and centrifuged at
1000 × g for 10 min. The organic layer was collected, evapo-
rated, and redissolved in 10 mL of chloroform. A 10-µL sam-
ple of the chloroform solution was subjected to HPLC-CL-MS.

Ozonation of cholesterol in water/ethanol. Cholesterol (50
mg) in 100 mL of water/ethanol (1:1) was ozonized for 
1 h at room temperature. The ozonation products were ex-
tracted with chloroform and analyzed by HPLC-CL-MS.

HPLC analysis. For the HPLC-CL-MS system (15), an
ODS column (TSK-gel 80Ts, 5 µm, 4.6 × 250 mm; Tosoh,
Tokyo, Japan) was used. The column was eluted using a bi-
nary gradient, consisting of the following HPLC solvents: A
(water) and B (methanol). Ammonium acetate (0.1 mM) was
added to both mobile phases A and B. The gradient profile
was as follows: 0–10 min, 90% B; 10–15 min, 90–100% B
linear; 15–30 min, 100% B. The flow rate was adjusted to
1 mL/min, and the column temperature was maintained at
40°C. At the postcolumn, the eluent was split. One of the eluents

(flow rate, 0.95 mL/min) was mixed with the hydroperoxide-
specific CL reagent (a mixture of cytochrome c and luminol
in 50 mM borate buffer, pH 10) (16,17) and sent to a JASCO
825-CL detector (Japan Spectroscopic Co., Tokyo, Japan).
The flow rate of CL reagent was 0.9 mL/min. The other col-
umn eluent (flow rate, 0.05 mL/min) was sent to a Mariner
electrospray ionization (ESI)/time-of-flight mass spectrome-
ter (Applied Biosystems, Farmington, MA). Parameters for
MS were positive-ion measurement mode, a spray voltage of
1900 V, a nozzle potential of 150 V, and a nozzle temperature
of 150°C. The flow rate of nebulizer gas was 0.3 mL/min. Full
scan spectra were obtained by scanning ions between m/z 300
and 900 at 4 s/scan.

Identification procedures. By using the HPLC technique,
ozonized cholesterol was isolated and purified from the sam-
ple reaction mixture, and its chemical structure was charac-
terized by the following spectroscopic procedures. The mass
of the purified ozonation product was determined using a
JEOL-JMS-700 mass station (JEOL, Tokyo, Japan) in fast-
atom bombardment mode (FAB). FAB-MS measurement
was performed in the positive and negative mode with m-
nitrobenzyl alcohol (NBA) as a matrix. 1H and 13C NMR
spectra were recorded on a Varian Unity 600 spectrometer
(Varian, Palo Alto, CA) at 600 MHz for 1H NMR and at 150
MHz for 13C NMR using CDCl3 as a solvent. The IR spec-
trum was assayed using JEOL JIR-5500.

Cytotoxicity of ozonide. Lung adenocarcinoma A549 cells
were seeded on 96-well culture plates at densities of 1 × 104

cells/well in 100 µL of RPMI-1640 medium containing 10%
FBS, penicillin G (100 units/mL), and streptomycin 
(100 µg/mL). After incubation at 37°C in a 5% CO2 incuba-
tor for 24 h, the culture medium was replaced with 100 µL of
FBS-free medium containing test samples at various concen-
trations. Twenty-four hours later, 50 µL of 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide solution was
added to each well for evaluating cell viability (18). After 3 h
of incubation, cells were washed with 0.2 mL of PBS, resus-
pended in 200 µL of 2-propanol containing 0.04 N HCl, and
left in the dark for 10 min. The plates were measured by a
microplate reader (Elx 800; Bio-Tek Instruments Inc.,
Winoski, Vermont) with a wavelength of 570 nm and a refer-
ence wavelength of 630 nm.

Statistical analysis. The data were expressed as the
mean ± SD. Statistical comparisons were made with 
Student’s t-test.

RESULTS AND DISCUSSION

Among three different reaction conditions, we first tested the
chloroform/ethanol system. Figure 1A shows the typical total
ion current (TIC) chromatogram, when ozone gas-exposed
cholesterol in chloroform/ethanol (1:1) was subjected to
HPLC-CL-MS. After ozonation, cholesterol itself was com-
pletely decomposed, and two large peak components 1 and 2
appeared as the main ozonation products in the TIC chromato-
gram (Fig. 1A). Peaks 1 (retention time = 18 min) and 2 (25
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min) gave clear ESI/MS spectra (ions at m/z 497 for 1 and 434,
416 for 2) (Figs. 1B and 1C). In the CL chromatogram, both 1
and 2 gave intense chemiluminescence peaks (retention time
of 18 min for 1 and 25 min for 2) (Fig. 1D), indicating that both
peak components might possess hydroperoxide groups. 

To determine the chemical structures of compounds 1 and
2, these components were isolated by HPLC, and their struc-
tures were determined using FAB-MS and NMR. Peak 2 was
identified as the ethoxy-hydroperoxide, 7α-ethoxy-3β-
hydroxy-5α-B-homo-6-oxacholestane-5-hydroperoxide (7α-
ethoxy-5-OOH, Scheme 2): (–) FAB-MS (70 eV, NBA) [M –
H]– m/z 479; (+) FAB-MS (70 eV, NBA) [M – CH3CH2OH
– H2O + H]+ m/z 417; ESI-MS m/z 434, 416; m.p.
133–135°C; IR (KBr) 3275, 1169, 1142, 1068, 1041, 1016,
987, 953 cm–1. 1H NMR (CDCl3:δ): 2.00 (2H, m, 7a-H), 2.65

(1H, d, 4α-H), 3.99 and 3.58 (2H, AB x 3 m, OCH2CH3), 3.89
(1H, m, 3α-H), 4.74 (1H, t, 7-H), 10.26 ppm (1H, s, 5-OOH).
13C NMR (CDCl3:δ): 15.1 (OCH2CH3), 63.9 (OCH2CH3),
66.8 (C-3), 100.7 (C-7), 111.8 ppm (C-5). In the 1H NMR
measurement, an important signal at δ10.26, characteristic of
the hydroperoxide group, was clearly confirmed (Fig. 2).
Considering the structure of 7α-ethoxy-5-OOH, the unknown
ESI/MS spectrum of peak 2 from the HPLC-CL-MS analysis
(Fig. 1C) would correspond to the fragment ions of 7α-
ethoxy-5-OOH: [M – CH3CH2OH]+ m/z 434 and [M –
CH3CH2OH – H2O]+ m/z 416. On the other hand, peak com-
ponent 1 (m/z 497 in the ESI/MS analysis) was speculated to
be a novel ozonized cholesterol. The amount of component 1
available in the present study was not sufficient to carry out
NMR and other identification procedures. Therefore, the
structure of component 1 could not be determined.

In our opinion, the ozonation that takes place in aqueous
environments (rather than in organic solvent) better reflects
the reaction of lipids with ozone gas that actually occurs in
food and biological samples. However, little is known about
cholesterol ozonation in aqueous systems, except for the
study by Gumulka and Smith (7). Thus, we then investigated
the reaction of cholesterol with ozone in water/ethanol or in
water alone. Figure 3 shows the typical TIC and CL chro-
matograms of the ozonized cholesterol in water/ethanol (1:1).
Peaks ascribed to component 1 (retention time = 18 min) and
7α-ethoxy-5-OOH (25 min) were clearly detected in TIC and
CL chromatograms, together with another peak component 3
(20 min) that produces strong chemiluminescence (Fig. 3).
Peak 3 showed the molecular ion [M – H2O]+ m/z 400, and
the same retention time as the synthetic reference 3β-hydrox-
ycholest-5-ene-7α-hydroperoxide (7α-OOH) and 3β-hydrox-
ycholest-5-ene-7β-hydroperoxide (7β-OOH) (19). Hence,
Peak 3 was tentatively identified as a mixture of isomers of
7α-OOH and 7β-OOH, which are the well-known oxidized
cholesterol. However, the formation of 7α-OOH and 7β-
OOH during ozonation has not been reported in the past.
Therefore, if such epimeric 7-hydroperoxides are actually
formed, this mechanism is interesting. Further study would
be needed to elucidate whether 7α-OOH and 7β-OOH arise
from ozone action on cholesterol. In the case of cholesterol
ozonation in water, component 1 and 7α-ethoxy-5-OOH were
absent entirely (data not shown). Thus, component 1 and 7α-
ethoxy-5-OOH would appear to be principal products during
ozonation in the presence of alcohol (ethanol).
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FIG. 1. Ozonation products of cholesterol in chloroform/ethanol sys-
tem. Cholesterol (460 mg) in chloroform/ethanol (1:1) was exposed to
ozone gas for 20 min and analyzed by HPLC-CL-MS. (A) Total ion cur-
rent (TIC) chromatogram; (B) mass spectrum of peak 1 (18 min) detected
in chromatogram A; (C) mass spectrum of peak 2 (25 min) in chromato-
gram A; (D) chemiluminescence (CL) chromatogram. SCHEME 2



In considering the present results, it could be rationalized
that 7α-ethoxy-5-OOH are formed by the Criegee mechanism
(14) during cholesterol ozonation in the presence of ethanol.
A possible 7α-ethoxy-5-OOH formation pathway is shown in
Scheme 3. The ozonation of cholesterol gives a primary
ozonide 4, and the ozonide is converted into carbonyl oxide
intermediate 5. The intramolecular partial capture of 5 by the
6-carbonyl oxygen yields the dipolar intermediate 6. Ethanol

can readily react with the intermediate 6 to form 7α-ethoxy-
5-OOH. In the presence of water, the intermediate 6 reacts
with H2O, which gives secoaldehyde 7.

It is generally difficult to characterize the structure of
ozonized cholesterol, and caution is required when judging
whether ozonized cholesterol possesses a hydroperoxide
group. Consequently, a simple and reliable method for char-
acterizing ozonized cholesterol has been highly desired. As
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FIG. 2. (A) 1H-1H correlation spectroscopy 2-D NMR spectrum of 7α-ethoxy-3β-hydroxy-5α-B-homo-
6-oxacholestane-5-hydroperoxide (7α-ethoxy-5-OOH). (B) An expanded spectrum between 0 and 5.0
ppm.



shown in Figures 1 and 3, we succeeded in detecting 7α-
ethoxy-5-OOH by using the HPLC-CL-MS system. This an-
alytical system can easily identify the cholesterol ozonides
bearing a hydroperoxide moiety, because detection by CL is
highly specific for the hydroperoxide group (15–17,19–23).

Next, the cytotoxic effect of 7α-ethoxy-5-OOH on human
lung adenocarcinoma A549 cells was investigated because the
biological role of the cholesterol ozonation products has never
been evaluated. We used 3β-hydroxycholest-5-ene-7-one as a
reference compound. Treating A549 cells with 7α-ethoxy-5-

OOH (1–20 µg/mL), we confirmed that the compound signifi-
cantly reduced the number of viable cells (Fig. 4). Especially, 20
µg/mL of 7α-ethoxy-5-OOH resulted in an approximately 70%
reduction in the viability of lung tumor cells. In contrast, 3β-hy-
droxycholest-5-ene-7-one was less toxic, even at 20 µg/mL.
These results clearly indicated that ethoxyhydroperoxide (7α-
ethoxy-5-OOH) arising during cholesterol ozonation is a cyto-
toxic molecule and that its cytotoxicity is greater than that of
3β-hydroxycholest-5-ene-7-one. This implies that ozonized
cholesterol may be more toxic than autoxidized cholesterol.
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FIG. 3. Ozonation products of cholesterol in water/ethanol system. Cholesterol
(50 mg) in water/ethanol (1:1) was exposed to ozone gas for 1 h and then ana-
lyzed by HPLC-CL-MS. (A) TIC chromatogram; (B) CL chromatogram. For abbre-
viations see Figure 1.

SCHEME 3



As for the sterilization of foods, the use of a combina-
tion of different disinfection procedures (i.e., treatment
with ozone together with alcohol or UV light) was recently
recommended to enhance bactericidal effect (24,25). If one
is applying ozone/ethanol treatment for food disinfection,
7α-ethoxy-5-OOH may be formed from food cholesterol.
This compound would be toxic due to its highly reactive
hydroperoxide group, thereby influencing the quality and
flavor of food. Our HPLC-CL-MS system might be used to
elucidate compounds formed by ozone-sterilization of
foods, since CL detection enables easy identification of the
hydroperoxide structure.
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FIG. 4. Effects of increasing concentrations of 7α-ethoxy-3β-hydroxy-
5α-B-homo-6-oxacholestane-5-hydroperoxide (7α-ethoxy-5-OOH) and
3β-hydroxycholest-5-ene-7-one on the viability of human lung adeno-
carcinoma A549 cells. Cells were incubated in medium containing 7α-
ethoxy-5-OOH (●) or 3β-hydroxycholest-5-ene-7-one (■) at concentra-
tions from 0 (control) to 20 µg/mL for 24 h. The viable cells were then
assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. Data are expressed as mean ± SD; n = 6. *P < 0.05 as
compared to control cells.



ABSTRACT: To clarify the occurrence of nonmethylene-
interrupted (NMI) FA in the marine bivalve Megangulus
zyonoensis, methyl esters of unsaturated FA were fractionated
according to the degree of their unsaturation by using argenta-
tion TLC. Their structures were elucidated by using GC–MS of
their FAME and 2-alkenyl-4,4-dimethyloxazoline derivatives.
Seventy-two unsaturated FA, including the novel 7,15-21 and
20:4n-1, were identified. The unusual tetraenoic acids 20:4n-4,
20:4n-1, 21:4n-6, and 21:4n-5 were found in M. zyonoensis.
This bivalve was extremely rich in the positional isomers of
19:1, 20:2, and 20:3. The distribution of NMI and positional
isomers of unusual FA in the bivalve tissues was also discussed.

Paper no. L9427 in Lipids 39, 265–271 (March 2004).

Nonmethylene-interrupted (NMI) FA and particularly C20
and C22 dienoic acids have frequently been found in lipids of
many marine invertebrates (1,2), but their physiological func-
tion is not fully understood. NMI FA in the phospholipid
membranes of marine bivalves may act as inhibitors of lipid
peroxidation processes (3), and a competitive incorporation
rate into lipids may exist between NMI dienoic acids and n-3
PUFA in marine organisms (4). Of great importance to physi-
ological and biochemical studies of marine mollusks may be
the accurate determination of both NMI FA and PUFA (5,6). 

In Japan the marine bivalve Megangulus is a valuable food
resource because of its soft flesh texture, rich sweetness, and
good taste. However, the FA composition and distribution in
Megangulus have not been investigated except for our stud-
ies. We had previously analyzed various tissue lipids from the
marine bivalves M. venulosus and M. zyonoensis to compare
the occurrence and distribution of their FA (7). Typical NMI
dienoic acids, 7,13-22:2 and 7,15-22:2, were identified in
mainly the mantle and muscle, but not in the viscera. Thus,
this study focused on the identification and distribution of
minor unsaturated FA in M. zyonoensis, especially in relation
to the possible biosynthesis of NMI unsaturated FA and the

positional isomer distribution of unusual unsaturated FA in
various tissue lipids. We have also identified minor polyenoic
FA with even- and odd-numbered carbon chains that have not
previously been reported.

EXPERIMENTAL PROCEDURES

Materials, lipid extraction, and preparation of FAME. Megan-
gulus zyonoensis was harvested wild from the sea and was
obtained from a local fish market (Tomakomai Fishermen’s
Cooperative Association, Hokkaido, Japan) in April 2002. Dis-
sected tissues were suspended in a chloroform/methanol mix-
ture (2:1, vol/vol), and were then homogenized for 30 s at 
861 × g by using an IKA Ultra-Turrax® T25 Basic (IKA Japan
KK, Nara, Japan) for cell disruption. Lipids were then extracted
by using the method of Bligh and Dyer (8). The extracted total
lipids were converted to FAME by direct transesterification
with 14% BF3/methanol for 1 h at 100°C in a screw-capped
tube (9). FAME were purified by using TLC on Kieselgel 60G
plates (Merck Co., Darmstadt, Germany) with n-hexane/diethyl
ester (80:20, vol/vol) for development. 

Argentation TLC. FAME were fractionated according to the
degree of unsaturation by argentation TLC on 5% (w/w) silver
nitrate-impregnated layers of Kieselgel 60G with development
in n-hexane/diethyl ester (80:20, vol/vol). The plates were
sprayed with a solution of 2′,7′-dichlorofluorescein and
viewed under UV light. Bands corresponding to saturated,
monoenoic, dienoic, trienoic, tetraenoic, and pentaenoic acids
were separately scraped off and transferred to test tubes; and
methanol (1 mL), n-hexane (2 mL), and a solution of NaCl
(6% wt/vol, 1 mL) were successively added with thorough
mixing after each addition. The nonpolar phase was evapo-
rated under a stream of N2, and the residue was dissolved 
in chloroform to prepare 4,4-dimethyloxazoline (DMOX)
derivatives.

Analysis of DMOX. DMOX derivatives were prepared by
adding 200 µL of 2-amino-2-methyl-1-propanol to the frac-
tionated methyl esters in screw-capped tubes. The tubes were
flushed for 1 min with N2, capped, and heated at 185°C
overnight (10). The reaction mixture was cooled and then was
dissolved in 2 mL of dichloromethane, which was washed
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three times with 2 mL of distilled water. After drying the
organic phase with anhydrous Na2SO4, the dichloromethane
phase was removed under a stream of N2. The samples were
dissolved in n-hexane for analysis by GC–MS. Most of the
unsaturated FA in the present work coincide with those of com-
mercial standards and other known FA using DMOX and pico-
linyl derivatives (11).

Hydrogenation of FAME. FAME were hydrogenated by
stirring for 1 h at 20°C in n-hexane with catalytic amounts of
palladium black (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan).

GLC and GC–MS. FAME were analyzed by using GLC
with a Shimadzu GC-8A instrument (Shimadzu Seisakusho
Co., Kyoto, Japan) equipped with an FID and a SUPEL-
COWAX™-10 capillary column (30 m × 0.25 mm i.d.,
0.25 µm film thickness; Supelco Inc., Bellefonte, PA). The
column temperature was either isothermal at 220°C or pro-
grammed from 150 to 220°C (2°C/min). The injector and de-
tector temperatures were 250 and 260°C, respectively. The
carrier gas was helium at a flow rate of 1.5 mL/min. FAME
and DMOX derivatives were analyzed by using GC–MS with
a Hewlett-Packard Agilent 5973N MSD and an Agilent
6890N GC (Hewlett-Packard, Palo Alto, CA) equipped with
an Omegawax™-320 capillary column (30 m × 0.32 mm i.d.,
0.25 µm film thickness; Supelco Inc.). The column tempera-
ture was programmed as follows: isothermal at 150°C for 3 min,
increased from 150 to 190°C (5°C/min), and then from 190

to 210°C (1°C/min), where the temperature was maintained
for 30 min. All spectra were recorded at an ionization energy
of 70 eV (electron impact ionization). FAME and DMOX de-
rivatives were identified by comparing their retention times
with those of authentic standards and other known FA and
were confirmed by GC–MS. The proportion of each compo-
nent was calculated from the total isomers and total FA.
Analyses in all cases were done in duplicate with the results
expressed as mean values. Most standard reagents used in this
study were purchased from Sigma Chemical Co. (St. Louis,
MO).

RESULTS

GLC analysis of typical FAME from M. zyonoensis is shown
in Figure 1. Table 1 lists 72 unsaturated FA of M. zyonoensis
that were identified by their FAME and DMOX derivatives.
Megangulus zyonoensis was rich in the positional isomers of
heptadecenoic (17:1), octadecenoic (18:1), nonadecenoic
(19:1), eicosadienoic (20:2), eicosatrienoic (20:3), and
eicosatetraenoic (20:4) acids. The most interesting character-
istic was the presence of long-chain (C18, C20) n-7, n-4, and
n-1 PUFA in M. zyonoensis. Table 2 lists the characteristic mass
spectrometric fragments of DMOX derivatives of unsaturated
FA. 

In the diene fraction, 8 NMI dienoic acids, 5,11-18:2, 5,11-
20:2, 5,13-20:2, 7,13-20:2, 7,13-21:2, 7,15-21:2, 7,13-22:2,
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FIG. 1. Gas chromatogram of FAME from the total lipids of Megangulus zyonoensis (SUPELCOWAX™-10; Supelco, Bellefonte, PA; column
temperature of 220°C).



and 7,15-22:2, were identified from Megangulus. Among
them, 5,11-18:2, 7,13-21:2, and 7,15-21:2 were identified
from bivalves for the first time, and 7,15-21:2 probably has
not been reported previously from living organisms. How-
ever, 5,11-18:2 and 7,13-21:2 have been found, respectively,
in the seaweed Cladophora rupestris (12) and the white
shrimp Penaeus setiferus (13). The DMOX derivatives 7,13-
21:2 and 7,15-21:2 had a molecular ion at m/z = 375, and their
double bonds were definitely assigned by the gaps of 12 amu
between 168–180 and 250–262, and 168–180 and 278–290,
respectively. The structure of 7,15-21:2 was confirmed by the
disappearance of the corresponding GC peak upon catalytic
hydrogenation and by a molecular ion at m/z = 340 and 379
for the corresponding methyl ester and DMOX derivatives.
Furthermore, the mass spectrum of the picolinyl ester of 7,15-
21:2 had diagnostic peaks at m/z = 413 [M]+ (16%) and 206

(8.8%), 232 (2%), 316 (3%), and 342 (11%) for double bonds
at positions 7 and 15. In the triene fraction, the DMOX deriv-
atives 5,11,14-20:3 and 7,13,16-22:3 had the characteristic
fragments shown in Table 2, and these spectra agreed with
their data from other studies (14–16). The presence of both
these FA in Megangulus is reported here for the first time.
In the tetraene fraction, four isomers of 20:4, including 20:4n-6
and 20:4n-3, were detected in our sample. The DMOX deriv-
atives of 20:4n-4 and 20:4n-1 had a molecular ion at m/z =
357, and the double bonds of 20:4n-4 were identified individ-
ually by ions that differed by 12 amu from m/z = 168 to 180,
208 to 220, 248 to 260, and 288 to 300 (16). A double bond
at positions 10, 13, and 16 of 20:4n-1 was located by the gaps
of 12 amu from m/z = 210 to 222, 250 to 262, and 290 to 302
but could only be inferred at position 19. Similar results were
obtained for the DMOX and picolinyl ester derivatives of
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TABLE 1
Identification of 4,4-Dimethyloxazoline Derivatives in Different Fractions of PUFA in the Lipids from Whole Megangulus zyonoensis

FA RT (min)a Molecular ion (m/z) FA RT (min) Molecular ion (m/z)

Monoene Diene (cont.)
14:1n-5 2.72 279 7,13-21:2 13.42 375
15:1n-8 3.26 293 7,15-21:2 13.68 375
15:1n-6 3.30 293 7,13-22:2 16.87 389
16:1n-10 3.99 307 7,15-22:2 17.25 389
16:1n-7 4.04 307 22:2n-7 18.05 389
16:1n-5 4.16 307 22:2n-6 18.45 389
17:1n-8 5.04 321
17:1n-7 5.12 321 Triene
17:1n-6 5.19 321 16:3n-4 4.95 303
17:1n-3 5.37 321 18:3n-6 7.54 331
18:1n-13 6.22 335 18:3n-4 8.02 331
18:1n-9 6.36 335 18:3n-3 8.29 331
18:1n-7 6.50 335 20:3n-9 11.41 359
18:1n-4 6.85 335 5,11,14-20: 3 11.77 359
19:1n-11 7.91 349 20:3n-6 12.10 359
19:1n-8 8.17 349 20:3n-4 12.85 359
19:1n-7 8.26 349 20:3n-3 13.31 359
19:1n-6 8.41 349 7,13,16-22:3 18.90 387
19:1n-4 8.73 349
20:1n-13 10.03 363 Tetraene
20:1n-9 10.28 363 16:4n-1 5.63 301
20:1n-7 10.53 363 18:4n-4 8.49 329
22:1n-9 16.40 391 18:4n-3 8.76 329

18:4n-1 9.18 329
Diene 19:4n-5 10.02 343
16:2n-7 4.34 305 20:4n-6 12.67 357
16:2n-6 4.39 305 20:4n-4 13.45 357
16:2n-4 4.63 305 20:4n-3 14.04 357
17:2n-5 5.72 319 20:4n-1 14.67 357
5,11-18:2 6.69 333 21:4n-6 16.02 371
18:2n-7 6.99 333 21:4n-5 16.44 371
18:2n-6 7.11 333 22:4n-6 20.36 385
18:2n-4 7.48 333
19:2n-6 9.37 347 Pentaene
19:2n-4 9.57 347 20:5n-3 14.71 355
5,11-20:2 10.54 361 21:5n-3 18.77 369
5,13-20:2 10.70 361 22:5n-6 21.57 383
7,13-20:2 10.80 361 22:5n-3 23.36 383
20:2n-7 11.24 361
20:2n-6 11.48 361 Hexaene
20:2n-4 12.10 361 22:6n-3 24.81 381

aRetention times. 



16:4n-1 and 18:4n-1, which had double bonds at terminal po-
sitions 15 and 17, respectively. The position of a terminal
double bond in n-1 PUFA was further confirmed by analysis
of its methyl ester spectra. The methyl ester spectrum of
20:4n-1 had a molecular ion at m/z =318 [M]+ (0.9%) and a
typical characteristic ion at m/z = 277 [M – 41]+ (4.2%), in-
dicating the presence of a terminal double bond. The mass
spectrum of the picolinyl ester of 20:4n-1 {395 [M]+ (15%)
and 248 (4%), 274 (12%), 288 (5%), 314 (24%), 328 (5%),

and 354 (13%)} was similar to the result obtained with the
DMOX derivative. Equivalent chain length (ECL) values for
methyl esters of 18:4n-4, 18:4n-1, 20:4n-4, and 20:4n-1 were
19.50, 19.84, 21.52, and 21.83 on SUPELCOWAX-10 at
220°C, respectively. The difference in ECL values (∆ ECL)
for 20:4n-4 and 20:4n-1 can be compared with the ∆ ECL of
the only other n-4/n-1 FAME pair (18:4n-4 and 18:4n-1). The
∆ ECL for 20:4n-4/20:4n-1 and 18:4n-4/18:4n-1 was 0.31 and
0.34, respectively. From these data, the terminal double bond at
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TABLE 2
Characteristic Mass Spectrometric Fragments of 4,4-Dimethyloxazoline Derivatives of Dienoic, Trienoic, and
Tetraenoic Fractions of PUFA in the Lipids from Whole Megangulus zyonoensis

FA Characteristic fragments (m/z, relative intensity)

Diene
16:2n-7 126 (100), 152 (11), 167 (32), 194 (7), 206 (8), 305 (4)
16:2n-6 126 (100), 168 (8), 180 (23), 208 (10), 220 (9), 305 (6)
16:2n-4 126 (100), 196 (8), 208 (3), 236 (11), 248 (4), 305 (18)
17:2n-5 126 (100), 196 (9), 208 (6), 236 (15), 248 (8), 319 (17)
5,11-18:2 113 (100), 153 (10), 222 (2), 262 (2), 333 (1)
18:2n-7 126 (100), 182 (7), 194 (4), 222 (13), 234 (7), 333 (15)
18:2n-6 126 (100), 196 (6), 222 (3), 236 (16), 248 (6), 333 (18)
18:2n-4 113 (100), 224 (5), 236 (5), 264 (17), 276 (6), 333 (28)
19:2n-6 126 (100), 210 (15), 222 (9), 250 (12), 262 (6), 347 (19)
19:2n-4 113 (100), 238 (6), 250 (2), 278 (12), 290 (5), 347 (25)
5,11-20:2 113 (100), 153 (11), 222 (3), 234 (2), 361 (2)
5,13-20:2 113 (100), 153 (11), 250 (1), 262 (1), 361 (5)
7,13-20:2 126 (100), 168 (9), 180 (50), 250 (5), 262 (5), 361 (6)
20:2n-7 113 (100), 210 (7), 222 (7), 250 (23), 262 (5), 361 (23)
20:2n-6 113 (100), 224 (5), 236 (8), 264 (19), 276 (8), 361 (27)
20:2n-4 113 (100), 252 (4), 264 (3), 292 (16), 304 (6), 361 (33)
7,13-21:2 126 (100), 168 (8), 180 (55), 250 (3), 262 (4), 375 (5)
7,15-21:2 126 (100), 168 (7), 180 (26), 278 (4), 290 (2), 375 (9)
7,13-22:2 126 (100), 168 (10), 180 (65), 250 (3), 262 (5), 389 (8)
7,15-22:2 126 (100), 168 (10), 180 (30), 278 (3), 290 (4), 389 (16)
22:2n-7 126 (100), 238 (6), 250 (8), 278 (13), 290 (10), 389 (28)
22:2n-6 126 (100), 252 (5), 264 (3), 292 (21), 304 (8), 389 (24)

Triene
16:3n-4 126 (100), 152 (11), 167 (18), 194 (9), 206 (6), 234 (4), 246 (3), 303 (4)
18:3n-6 126 (100), 152 (9), 167 (17), 194 (10), 206 (6), 234 (6), 246 (4), 331 (6)
18:3n-4 126 (100), 182 (10), 194 (4), 222 (10), 234 (6), 262 (9), 274 (5), 331 (13)
18:3n-3 126 (100), 196 (6), 208 (3), 236 (12), 248 (7), 276 (13), 288 (6), 331 (22)
20:3n-9 113 (100), 153 (20), 180 (7), 192 (6), 220 (7), 232 (4), 359 (7)
5,11,14-20:3 126 (100), 153 (14), 222 (2), 234 (6), 262 (2), 274 (3), 359 (4)
20:3n-6 126 (100), 182 (11), 194 (4), 222 (13), 234 (7), 262 (13), 274 (6), 359 (20)
20:3n-4 126 (100), 210 (6), 222 (6), 250 (14), 262 (6), 290 (16), 302 (6), 359 (29)
20:3n-3 126 (100), 224 (5), 236 (4), 264 (13), 276 (7), 304 (16), 316 (9), 359 (33)
7,13,16-22:3 126 (100), 168 (9), 180 (36), 250 (3), 262 (7), 290 (11), 302 (6), 387 (14)

Tetraene
16:4n-1 126 (100), 152 (8), 167 (17), 194 (9), 206 (11), 234 (5), 246 (4), 301 (3)
18:4n-4 113 (100), 153 (21), 180 (4), 192 (4), 220 (3), 232 (3), 260 (1), 272 (1), 329 (3)
18:4n-3 126 (100), 152 (9), 167 (17), 194 (9), 206 (7), 234 (8), 246 (5), 274 (3), 286 (3), 329 (5)
18:4n-1 126 (100), 182 (10), 194 (5), 222 (8), 234 (7), 262 (6), 274 (6), 329 (6)
19:4n-5 113 (100), 153 (23), 180 (5), 192 (4), 220 (6), 232 (2), 260 (2), 272 (1), 343 (4)
20:4n-6 113 (100), 153 (24), 180 (5), 192 (4), 220 (6), 232 (3), 260 (2), 272 (1), 357 (4)
20:4n-4 126 (100), 168 (8), 180 (33), 208 (15), 220 (10), 248 (15), 260 (7), 288 (4), 300 (6), 357 (11)
20:4n-3 126 (100), 182 (11), 194 (4), 222 (11), 234 (5), 262 (16), 274 (6), 302 (5), 314 (5), 357 (11)
20:4n-1 126 (100), 210 (4), 222 (5), 250 (9), 262 (7), 290 (15), 302 (6), 357 (14)
21:4n-6 126 (100), 152 (11), 167 (20), 194 (10), 206 (22), 234 (11), 246 (7), 274 (3), 286 (2), 371 (7)
21:4n-5 126 (100), 168 (8), 180 (23), 208 (11), 220 (8), 248 (16), 260 (9), 288 (7), 300 (4), 371 (8)
22:4n-6 126 (100), 168 (9), 180 (38), 208 (9), 220 (3), 248 (20), 260 (7), 302 (4), 314 (7), 385 (10)



position 19 was finally identified (20:4n-1). As far as we know,
20:4n-1 has been identified from living organisms for the first
time in this study. In addition, the two isomers of heneicosa-
tetraenoic acid (21:4), 21:4n-6 and 21:4n-5, were also identified.

To show how the distribution of NMI FA components of
M. zyonoensis is related to their possible biosynthesis in the
bivalve, the FA and isomers of M. zyonoensis in various tissues
were analyzed for comparison among tissue lipids (Table 3).
The major monoene acids 17:1n-8 and 18:1n-7 were most
abundant in the muscle. The positional isomers of C17 and
C19 monoene acids had high proportions of n-6 and n-8 FA,
which were predominantly found in the muscle. Among
monoene acids, the isomer composition of 19:1 in the mantle
differed considerably from that of other tissues. Among even-
chain monoene acids, both 18:1n-7 and 20:1n-7 were most
abundant in all tissues, and their proportions were more than
about 60 and 50%, respectively, of the total isomers. The
main isomers of 17:1 and 19:1 differed from those of even-
chain monoenes according to the tissue of M. zyonoensis. A
high proportion of the unique FA 16:2n-4 was found in the
mantle and muscle, but it was much lower in the viscera. In

addition, two other isomers of 16:2, 16:2n-7 and 16:2n-6, were
also detected. In particular, M. zyonoensis was extremely rich
in the positional isomers 20:2 and 20:3, even though they were
considerably less than for eicosenoic acid (20:1).

In this study, positional isomers of C18, C20, C21, and C22
NMI dienoic acids were widely present in lipids of various
tissues. Among the isomers of 18:2, the proportion of 5,11-
18:2 detected was relatively low in all tissues examined, even
though the proportions of 18:2n-4 and 18:2n-6 were much
more than for other isomers. The proportions of 20:2n-6 and
20:2n-4 totaled 75–82% of total 20:2 isomers in lipids of each
tissue. The proportion of 7,13-21:2 was much more than that
for 7,15-21:2. However, among isomers of docosadienoic
acid (22:2), 7,15-22:2 is most abundant in bivalves and other
marine invertebrates (7,17,18). Thus, marked differences be-
tween tissue lipids and isomer compositions are typical of
C20, C21, and C22 NMI FA detected in bivalves, but the rea-
son remains unclear.  

The proportion of 20:4n-6 was much higher in the man-
tle and muscle than in the viscera. In contrast, the highest
proportions of 20:4n-3 and 20:4n-1 were determined in the
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TABLE 3 
Distribution of Positional Isomers of Unsaturated FA in Lipids of Various Tissues of Megangulus zyonoensis

FA Mantle Muscle Viscera FA Mantle Muscle Viscera FA Mantle Muscle Viscera

17:1n-8 61.4 74.0 40.9 5,11-18:2 <0.1 <0.1 2.8 20:3n-9 <0.1 <0.1 <0.1
17:1n-7 <0.1 <0.1 7.6 18:2n-7 <0.1 1.5 2.9 5,11,14-20:3 7.5 6.8 6.4
17:1n-6 13.3 26.0 22.7 18:2n-6 51.4 32.8 31.4 20:3n-6 71.3 51.9 47.3
17:1n-3 25.3 <0.1 28.8 18:2n-4 48.6 65.7 62.9 20:3n-4 15.0 35.1 <0.1

Totala 17:1 0.6 0.4 <0.1 Total 18:2 1.1 1.6 1.7 20:3n-3 6.2 6.2 46.3

Total 20:3 0.4 <0.1 <0.1
18:1n-13 4.3 <0.1 5.0 5,11-20:2 0.9 2.1 4.3
18:1n-9 32.8 27.3 18.6 5,13-20:2 15.4 5.8 14.9 7,13,16-22:3 100 100 100
18:1n-7 60.8 65.8 66.0 7,13-20:2 5.4 11.0 <0.1 Total 22:3 0.7 0.4 0.5
18:1n-4 2.1 6.9 10.4 20:2n-7 3.0 2.5 1.8

Total 18:1 5.1 4.2 5.3 20:2n-6 53.3 59.9 64.3 16:4n-1 100 NDc 100
20:2n-4 22.0 18.7 14.7 Total 16:4 <0.1 ND 1.8

19:1n-11 22.1 <0.1 <0.1 Total 20:2 1.5 1.1 1.3
19:1n-8 26.0 52.0 47.6 18:4n-4 <0.1 6.9 3.5
19:1n-7 34.8 <0.1 <0.1 7,13-21:2 83.1 80.3 79.5 18:4n-3 100 93.1 90.6
19:1n-6 11.6 30.7 21.4 7,15-21:2 16.9 19.7 20.5 18:4n-1 <0.1 <0.1 5.9
19:1n-4 5.5 17.3 31.0 Total 21:2 <0.1 <0.1 <0.1 Total 18:4 0.8 0.8 3.7
Total 19:1 <0.1 <0.1 <0.1

7,13-22:2 15.7 3.9 9.1 20:4n-6 87.3 75.9 43.1
20:1n-13 26.4 20.3 17.0 7,15-22:2 84.3 96.1 90.9 20:4n-4 3.5 4.1 2.1
20:1n-9 24.2 31.6 27.7 22:2n-7 <0.1 <0.1 <0.1 20:4n-3 8.3 16.1 44.0
20:1n-7 49.4 48.1 55.3 22:2n-6 <0.1 <0.1 <0.1 20:4n-1 0.9 3.9 10.8

Total 20:1 9.1 7.9 3.7 Total 22:2 5.1 2.4 1.0 Total 20:4 5.3 3.5 3.2

16:2n-7 12.1 <0.1 <0.1 16:3n-4 100 100 100 21:4n-6 59.3 43.2 55.6
16:2n-6 <0.1 23.7 66.9 Total 16:3 <0.1 <0.1 0.8 21:4n-5 40.7 56.8 45.3
16:2n-4 87.9 76.3 33.1 Total 21:4 <0.1 <0.1 <0.1
Total 16:2b 0.7 0.4 1.1 18:3n-6 6.4 14.7 10.3

18:3n-4 47.6 51.8 74.0 22:4n-6 100 100 100
18:3n-3 46.0 33.5 15.7 Total 22:4 1.0 0.7 <0.1
Total 18:3 <0.1 <0.1 0.8

aPercentage of total FA. 
bIncluding phytanic acid. 
cNot detected.



viscera, at 54.8% of total isomers of 20:4 in this study. The
unusual isomers 20:4n-4 and 20:4n-1 were found in bivalves
for the first time. The unusual isomer 20:4n-4 has been de-
tected only in the diatom Stauroneis amphioxys (19) and the
shrimp Rimicaris exculpate (20) together with 20:4n-6 and
20:4n-3, but 20:4n-1 probably has not been reported previ-
ously from living organisms. Among the isomers of 21:4, the
proportion of 21:4n-6 in the mantle and viscera was higher
than in muscle, at 55.6 to 59.3%. In contrast, the proportion
of 21:4n-5 in the muscle was higher than in other tissues.

DISCUSSION

The occurrence and biosynthetic pathway of NMI FA in M.
zyonoensis is reported here for the first time, although the FA
composition of marine bivalves has been examined in many
works (1,2,14,17). Eight NMI dienoic acids were detected in
all tissues examined, but not in high amounts. The identifica-
tion of 5,11-20:2, 5,13-20:2, 7,13-22:2, and 7,15-22:2 in this
study supports a possible biosynthetic pathway of NMI
dienoic acids (Fig. 2). Direct evidence exists of the ability of
the bivalve Scapharca broughtonii to biosynthesize 7,13-22:2
and 7,15-22:2 from acetate (21). From these results, we spec-
ulate that a biosynthetic pathway for NMI dienoic acids 7,13-
22:2 and 7,15-22:2, as previously reported for other mollusks,
is also present in the marine bivalve M. zyonoensis. In Ginkgo
seeds, 5,11-18:2 was present in predominant occurrence (22),
and also found in various marine macrophytes. Therefore, the
presence of 5,11-18:2 as 18:2 in M. zyonoensis in this study
suggests that this FA is probably derived from the diet or is
the result of food web effects.

The most interesting series of monoene FA was a family
of four heptadecenoic and five nonadecenoic acids with dou-
ble bonds at delta-9, delta-10, delta-11, or delta-14, and at
delta-8, delta-11, delta-12, delta-13, or delta-15, respectively.
Among the total isomers of 17:1 and 19:1, the n-8 monoene
isomers were present in high proportions and predominated
in the muscle and viscera. Odd-chain NMI dienes 7,13-21:2
and 7,15-21:2 and monoenes were detected in M. zyonoensis.
From these results, we speculate that 7,13-21:2 and 7,15-21:2
are biosynthesized by conversion of 19:1n-8 and 19:1n-6 by
∆-5 desaturation and chain elongation steps, respectively. The
putative desaturation products 5,11-19:2 and 5,13-19:2 were
not detected in M. zyonoensis owing to their very low
amounts. That both products were formed suggests the exis-
tence of ∆-5 desaturation in bivalves that produce NMI
dienoic FA from related monoene FA. The occurrence of
5,13-19:2, together with 5,9,23-nonacosatrienoic and 5,9,23-

tricosatrienoic acids as major components, has been reported
in the Caribbean sponge Amphimedon viridis (23), but not in
other organisms. The identification of 5,11-19:2 and 5,13-19:2
in marine bivalves needs to be investigated. However, our re-
sults suggest that a novel biosynthetic pathway of odd-chain
NMI dienoic FA exists in marine bivalves together with path-
ways of even-chain NMI dienoic FA 7,13-22:2 and 7,15-22:2,
as already reported by Zhukova (21,24). In contrast, the odd-
chain NMI FA identified in M. zyonoensis may also be of dietary
origin because these FA are present in very low concentrations,
compared with even-chain NMI dienoic FA. The detection of
5,11,14-20:3 and 7,13,16-22:3 suggests that 7,13,16-22:3 can
be biosynthesized in M. zyonoensis by ∆-5 desaturation and then
by elongation of 20:2n-6. The fact that some isomers of NMI
FA have not been reported previously from marine mollusks
may be because they are present in amounts that are too small
or that analytical studies have not sought them. Therefore, other
NMI FA may exist in M. zyonoensis that we could not detect.
The role of NMI FA in marine bivalves is not well understood.
This study should promote research on the distribution and
physiological role of odd- and even-chain NMI dienoic acids in
mollusks.

In this study, the well-known C16 PUFA, 16:2n-4, 16:3n-4,
and 16:4n-1, together with 16:2n-7 and 16:2n-6, were de-
tected in the tissues examined, but in very low concentrations.
However, 16:3n-4 and 16:4n-1, together with 16:3n-3 and
16:4n-3, were found in Patella spp. soft bodies and gonads.
These FA were present in very low amounts (below 1%) and
were probably linked with the limpet’s diet (25).

Although 20:4n-6, 20:4n-4, and 20:4n-3 have been re-
ported from marine invertebrates (19,20), 20:4n-1 probably
has not been observed in any living organisms. Megangulus
zyonoensis was rich in 20:4n-1, at about 11% of the total
isomers of 20:4, in viscera lipids. Bivalves have little or no
ability to synthesize C20 and C22 PUFA with more than three
double bonds. However, the oyster protozoan parasite Perkin-
sus marinus can synthesize 20:4n-6 from acetate (26), which
indicates that isomers of 20:4 may be associated with some
symbiotic organisms. In this study, n-4 and n-1 FA from C16
to C20 were identified as unusual FA components. Future
study will be necessary to find out whether the occurrence of
20:4n-4 and 20:4n-1 reflects the consequences of intake from
the marine food chain web or de novo synthesis. Further stud-
ies should include the occurrence and distribution of 20:4n-4
and 20:4n-1 in marine invertebrates.

Although 21:5n-3 is present in small amounts (below 1%)
in some bivalves, 21:4n-6 and 21:4n-5 are little known as FA
components in marine bivalves and other invertebrates
(7,17,21,27). The C21 PUFA tend to accumulate in long-lived
animals, especially in seals and their fat (1). An entire popu-
lation of the genus Megangulus takes about 10 yr to become
sexually mature (28). As 21:5n-3 may be formed from 22:5n-3
by the α-oxidation route, the formation of 21:4n-6 from
22:4n-6 by the same route is also possible. Therefore, our re-
sults suggest that 21:4n-6 and 21:5n-3 may be derived from
22:4n-6 and 22:5n-3, respectively, by α-oxidation. 
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FIG. 2. Possible biosynthetic pathways of nonmethylene-interrupted
(NMI) dienoic and trienoic acids in Megangulus zyonoensis.



The unusual groups n-7, n-4, and n-1 FA, and the odd-
chain isomers C17, C19, and C21 as unique components of FA
compositions were widely distributed in M. zyonoensis. The
unusual FA identified in this study should provide a clue to
the formation of a novel biosynthetic pathway of polyenoic
FA, including NMI FA. Therefore, the identification of a
minor NMI FA will give a better understanding of the biolog-
ical role and function of these FA in marine invertebrates. 
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ABSTRACT: A reversed-phase HPLC–tandem mass spectrome-
try (RP-HPLC-MS-MS) method was refined for the positional
analysis of complex mixtures of TAG. This method has the ad-
vantages of speed, ease of automation, and specificity over tradi-
tional digestion-based methods for the positional analysis of TAG.
Collision-induced dissociation (CID) of ammoniated TAG in an
ion-trap mass spectrometer produced spectra that were depen-
dent on the FA position. Dominant DAG fragments were formed
from the loss of a FA moiety from the ammoniated TAG species.
The loss of FA in the outer positions was favored over their loss in
the central position. The combination of RP-HPLC and CID pro-
duced spectra that were free of the isotope effects that can compli-
cate spectral interpretation in existing methods. The combination
also provided selectivity based on the chromatographic fractiona-
tion of TAG, in addition to the selectivity inherent in the CID
process. Proof-of-concept experiments were performed with bi-
nary mixtures of TAG from the SOS/SSO, OSO/OOS, and the
PSO/POS/SPO positional isomer systems (where S is 18:0, stearic
acid; O is 18:1 (cis-9), oleic acid; and P is 16:0, palmitic acid).
Plots of fractional DAG fragment intensities vs. fractional compo-
sition of the binary mixtures were linear. These plots were used
to determine the fractional composition of each of these isomeric
systems in a variety of vegetable oils and animal fats. Current lim-
itations, future developments, and applications of this method are
discussed.

Paper no. L9417 in Lipids 39, 273–284 (March 2004).

TAG consist of three FA moieties attached to a glycerol back-
bone. The main biological function of TAG is to serve as an en-
ergy source. Dietary TAG are digested, reconstituted, and pack-
aged as chylomicrons prior to entering the blood stream. Ulti-
mately, the TAG are delivered to cells in need of energy or
stored as reserves in adipose tissue. Evidence is mounting that
suggests TAG absorption (1–5), metabolism (1,6–12), and
atherogenic potential (2,3,13–23) (tendency for deposition of

lipoproteins on the artery walls) may be influenced by FA posi-
tion. Additional work is needed in these areas to obtain a more
complete understanding of the relationship between dietary
lipids and heart disease. The development of efficient methods
for the positional analysis of individual TAG species will facil-
itate the advancement of these studies. 

The positional analysis of TAG species has traditionally
been performed through digestion of the outer two FA and sub-
sequent HPLC analysis of the resulting 2-MAG and FFA
(2,8,24–27). Commonly, complex mixtures of TAG are di-
gested in a single step, and the overall FA composition is com-
pared with the position-specific FA composition. These data
have revealed general patterns, namely, that monounsaturated
FA are overwhelmingly favored in the central position and sat-
urated FA are favored in the outer positions for most animal
and vegetable oils, suggesting that FA are selectively attached
to the glycerol backbone. Extensive work on the details of TAG
biosynthesis (28–33) has explained the positional dependence
of the FA composition. These studies have established that
unique enzymes catalyze the attachment of FA onto each of the
positions, and that these enzymes possess different FA selec-
tivities (34–42). 

The digestion-based methods of positional analysis just dis-
cussed have been plagued with problems associated with FA
migration during digestion (43,44). In addition, these methods
are cumbersome and time-consuming for investigations focus-
ing on individual TAG species, since the mixtures must be frac-
tionated prior to hydrolysis. Furthermore, the analysis of the
hydrolysis products of co-eluting TAG species often produces
ambiguous results. 

MS methods have recently been developed that are less
labor intensive, more conducive to performing positional
analyses on individual TAG species, and more easily auto-
mated. HPLC atmospheric pressure chemical ionization
(APCI) MS (HPLC-APCI-MS) has been shown to be useful for
this purpose (45–48). The protonated TAG formed during the
APCI process acquire sufficient energy to fragment in the
source. The major ions formed in the APCI process are the
DAG fragments, in which one of the FA groups leaves the pro-
tonated TAG as a neutral FA. The data of Evershed and col-
leagues (45–47) show that fragmentation is less likely to occur
in the central position than in the outer positions. The authors
were able to predict which positional isomer was most abun-
dant based on the DAG fragment of lowest relative abundance.
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The drawback of the APCI method is that many co-eluting
TAG produce common DAG fragments. As a result, it is often
difficult to assign peaks to specific TAG. In addition, it is not
possible to deconvolute peak intensities, which would be nec-
essary for the quantification of positional isomers. These diffi-
culties are overcome to a great extent by combining RP-HPLC
with the use of tandem MS (MS-MS).

Kallio and coworkers (49,50) have used ammonia negative-
ion CI (NICI) in conjunction with MS-MS (NICI-MS-MS) for
their analysis. The TAG sample is directly inserted into an am-
monia CI source of a triple-quadrupole mass spectrometer via
a probe, and all of the TAG are ionized under ammonia NICI
conditions simultaneously. Deprotonated TAG are formed in
the source and mass-selected by the first quadrupole. These ions
are transmitted to the second quadrupole for collision-induced
dissociation (CID). The product ions are analyzed by a third
quadrupole to produce a mass spectrum of the CID products.
The most abundant fragment ions are deprotonated FA frag-
ments, but DAG-containing fragments (the information-rich
fragments) are fairly abundant. CID affords a high level of se-
lectivity, since ions of a particular mass-to-charge ratio are se-
lected by the mass analyzer and subjected to CID. As a result,
the analysis can be targeted to TAG of a particular M.W. Direct
analysis by MS-MS without any chromatography to fraction-
ate the TAG can provide a wealth of information in a relatively
short period of time (15–20 min), even for very complex ex-
tracts. In this time, a series of CID mass spectra can be acquired
on several [M − H]− peaks of interest. However, this method
has two main limitations. First of all, 13C isotope contributions
from TAG that are lower in M.W. by two mass units must be
meticulously subtracted from the measured intensities, limiting
the precision of the method. The DAG ions of interest in the
CID spectra are often overwhelmed by other 13C isotope-con-
taining DAG fragments. Second, TAG with the same M.W. and
one of the three FA in common, such as OOS and POA1 [where
O is 18:1 (cis-9), oleic acid; S is 18:0, stearic acid; P is 16:0,
palmitic acid; and A1 is 20:1 (cis-11), eicosenoic acid] will
yield common DAG CID fragments, interfering with quantifi-
cation of positional isomers. Nevertheless, Kallio et al. (49,50)
were able to construct plots for some positional isomers that
correlated the relative abundances of the DAG ions with their
composition. By contrast, the use of RP-HPLC prior to CID
analysis completely eliminates the problems associated with
13C isotope peaks because TAG that differ by two mass units
are generally completely separated chromatographically. The
second limitation is also avoided in many cases by adequate
separation of the interfering species. Data highlighting these
advantages are presented in this work.

The analysis of TAG by electrospray ionization (ESI)-MS
was first reported by Duffin et al. (51). They showed that the
addition of ammonium acetate to the TAG sample could pro-
duce intense [M + NH4]+ ions that are efficiently dissociated in
CID experiments to form dominant DAG fragments, indicative
of the loss of the FA moieties. Using an ESI double-focusing
sector instrument, Cheng et al. (52) observed that  the CID
spectra of [M + NH4]+ from positional isomers were indistin-

guishable (PPO and POP produced the same CID spectra). Han
and Gross (53) obtained similar results with a triple-quadru-
pole instrument analyzing the CID products of lithium adducts.
However, in an HPLC-ESI-MS-MS study with a triple-quadru-
pole instrument, Hvattum (54) observed that the relative abun-
dances of DAG fragments from ammoniated TAG were depen-
dent on the FA position, similar to the NICI experiments of
Kallio et al. Our experiments using an ion-trap mass spectrom-
eter also showed that in the CID spectra, ammoniated TAG
were dependent on the FA position. 

We report the use of RP-HPLC-ESI-MS-MS for the frac-
tional composition analysis of TAG positional isomers. This
method combines the advantages of efficient fractionation of
the TAG via RP-HPLC and enhanced selectivity provided by
the CID process (DAG fragments derived from TAG of only
the selected M.W.). This added degree of selectivity enables
the quantification of many systems of positional isomers that
would otherwise be difficult. The relative intensities of the
DAG fragments in the CID spectrum of mixtures of positional
isomers can be used to measure their relative abundances. Stan-
dard mixtures of positional isomers were analyzed, and cali-
bration plots of fractional DAG fragment intensities vs. the
fractional composition of three sets of positional isomers were
constructed and used to determine the fraction composition of
positional isomers in various vegetable oils and animal fats.

EXPERIMENTAL PROCEDURES

The TAG designations used throughout this paper consist of
three letters, each indicating the presence of a particular FA.
The middle letter designates which FA is in the central posi-
tion. No distinction is made between the outer two positions.
(The standard symbols and one-letter abbreviations used
throughout the paper are also listed in a footnote at the begin-
ning of the paper.)

HPLC-grade methanol, n-propanol, n-butanol, and methyl
t-butyl ether (MTBE) were purchased from Acros Organics
(Fairlawn, NJ). Ammonium formate (99%) also was purchased
from Acros Organics. Purified TAG [LnLnLn, LLL, OOO,
PPO, POP, SOS, SSO, POS, PSO, SPO, SSO, SOS, APO,
POA, and PAO, where Ln is 18:3 (cis,cis,cis-9,12,15), linolenic
acid; L is 18:2 (cis,cis-9,12), linoleic acid; and A is 20:0,
eicosanic acid] were purchased from Larodan (Malmo, Swe-
den). The unsaturated FA contained in purchased TAG were all
in the cis configuration. The current study did not investigate
possible differences in the relative intensities of DAG frag-
ments between TAG containing cis vs. trans FA. Various veg-
etable oils were purchased at the local supermarket, and fats
from pork, chicken, and beef were carved from meat products
purchased at the local supermarket. 

Standards solutions of each of the pure TAG were prepared
in n-propanol at concentrations of 100 ± 2 µM. Diluted stan-
dards (10.00 µM) for each were prepared in methanol/ammo-
nium formate. These diluted standards were used to prepare
standard solutions for a variety of different experiments that
were performed in this work. 
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Extracts from various vegetable oils were prepared in 20-
mL vials by dissolving a drop of oil in 15 mL n-propanol. The
extract was subsequently diluted to 1:100 with methanol. A
mixed extract was also prepared in this manner from one drop
each of peanut oil and corn oil. The fats were extracted into
MTBE at 120°C for 1 h using the 20-mL vials and a variable-
temperature heating manifold. One drop of the extract was com-
pletely dissolved in 15 mL n-butanol and the resulting solution
was diluted 1:100 in methanol in preparation for analysis.

Mass spectrometer parameters. A ThermoFinnigan LCQ
Advantage ion-trap mass spectrometer (Sunnyvale, CA) was
used to detect and characterize the TAG. The connection from
the syringe pump (direct-injection experiments) or the HPLC
column to the ESI source was made through a 1/16′′ stainless-
steel zero-dead volume union and a 30 cm long, 50 µm i.d., 185
µm o.d., segment of fused-silica capillary. The end of the fused-
silica capillary was fed into the ESI interface through a metal
sheath. The tip of the capillary was carefully cut to provide a
uniformly shaped tip. The tip of the capillary was then posi-
tioned so that it was at the edge of the metal sheath. The elec-
trospray cone was formed by applying a potential difference
between the metal sheath and the ion-transfer tube that focused
the ions into the mass analyzer. The operating parameters of
the ion-trap mass spectrometer were as follows: capillary tem-
perature, 280°C; spray voltage, 4.00 kV; sheath gas, 30
cm3/min. CID was performed at a relative collision energy of
28 (unitless quantity) unless otherwise stated. This value
should be applicable to other LCQ systems, assuming that the
instrument calibration procedures described by the manufac-
turer are carefully followed. 

HPLC parameters. A low-flow Shimadzu (Kyoto, Japan)
HPLC system, which included an SCL-10A vp controller, two
LC-10AD vp pumps, an SIL-10AD vp auto injector, and a 10
cm, 1 mm i.d., 3 µm particle-size, C18 BetaBasic column  (Ther-
moElectron Corporation, Sunnyvale, CA), was used to separate
the TAG. The high-performance liquid chromatograph was op-
erated at a flow rate of 35 µL/min (low-flow pumps/no splitting
necessary). A gradient elution was utilized, consisting of mobile
phase A [methanol/n-propanol (80:20, vol/vol), saturated am-
monium formate (ca. 1 mM), pH 7] and mobile phase B
[methanol/n-propanol (20:80, vol/vol), saturated ammonium for-
mate, pH 7]. The binary gradient was as follows: 0 min/0% B, 4
min/10% B, 36 min/60% B, 38–40 min/85% B. The injection vol-
ume was 5 µL for all samples (0.5–5.0 pmol of TAG on-column).

CID spectra of the standards by direct infusion. The 10-µM
diluted standards were each analyzed by direct-infusion ESI-
MS-MS (no HPLC column) using a syringe pump with a 500-
µL syringe. The flow rate was 5 µL/min. The CID spectra were
acquired under the conditions described above.

Analysis of a standard mixture and an oil extract by RP-
HPLC-ESI-MS-MS. A mixture containing each of the standard
TAG at concentrations of about 0.7 µM was prepared in
methanol using the diluted standards described above. This
mixture was analyzed by RP-HPLC-MS in the MS-only mode
and in a targeted RP-HPLC-MS-MS mode. In the MS-only
mode, a mass spectrum of the ions formed in the ESI process

was produced at a rate of about one spectrum per second
throughout the course of the chromatographic run. The targeted
MS-MS analysis was developed based on the retention times
determined from the experiment performed in the MS-only
mode. In this targeted mode, the mass spectrometer was pro-
grammed to select the appropriate m/z ratio for CID analysis
during a 2–3-min chromatographic time window correspond-
ing to the eluting TAG. The mixed extract of peanut oil/corn
oil also was analyzed in the MS-only targeted MS-MS modes.

Experiments performed to construct calibration plots. The
10-µM standards SOS, SSO, OSO, OOS, PSO, SPO, and POS
were used to prepare known binary mixtures of positional iso-
mers. Standard mixtures of the following pairs of positional
isomers were prepared: SOS/SSO, OSO/OOS, POS/SPO,
PSO/POS, and SPO/PSO. The sum of the concentrations of the
pair of positional isomers for each of the standard mixtures was
1 µM. The fractions of a positional isomer in the binary mix-
tures ranged from 0.00 to 1.00 in increments of 0.10. Each of
the standard mixtures was analyzed by a targeted RP-HPLC-
MS-MS method designed specifically for these three systems
of positional isomers. The oil and fat extracts described above
also were analyzed by this method in an effort to perform a po-
sitional analysis of various oils and fats for these three systems
of positional isomers.

Data analysis. The spectra used in this work to define the
intensities of the DAG fragments were the composite average
of 50 spectra, unless otherwise stated. Regression parameters
for the calibration plots were used to calculate the fractional
composition of various vegetable-based oils and animal fats.
For the SSO/SOS and OOS/OSO systems, the linear regression
data from the calibration plots were used directly. Repeated
measurements of samples over the course of several months
suggested that this method measures the ratio of DAG fragment
ions and is reproducible to within ± 5%. The average relative
SE of the OOS/OSO and SSO/SOS calibration plots were
0.005 and 0.007, respectively, giving relative errors in the pre-
dicted fractions of ca. 2–5% (ca. standard error/slope). For the
POS/SPO/PSO system, the linear regression data from the
three calibration plots were used to construct three simultane-
ous equations that were used to solve for the fractional compo-
sition data on each of the three positional isomers in each of
the samples. The errors in the fractions were found through the
application of a Monte Carlo analysis. Our Monte Carlo ap-
proach used repeated iterations (N = 10,000) to solve the equa-
tions simultaneously while randomly modulating the error in
the input ion ratios obtained from the analysis of the oil and fat
samples within a 5% tolerance. The results gave Gaussian dis-
tributions for each of the fractions. The SD of these distribu-
tions were reported as reasonable estimates of the errors. This
Monte Carlo analysis was performed using Mathematica 4.2
(Wolfram Research, Champaign, IL). 

RESULTS

Direct-infusion CID spectra of each of the standard TAG. The
CID spectra for each of the standard TAG were acquired via
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direct-infusion ESI-MS-MS. Figure 1 shows the CID spectrum
of POS. This spectrum zoomed in on the DAG fragments ([M
+ NH4 – FA + NH3]+), which were the most intense fragment
ions under these experimental conditions. These ions were pre-
sumably formed via the loss of a neutral FA and ammonia. The
fragment ions resulting from the loss of the oleate moiety were
of significantly lower abundance than the fragment ions result-
ing from the loss of the palmitate and stearate moieties. We
speculated that fragmentation initiates at the ammoniated FA
group and that adduct formation at the central FA position is
less probable, perhaps as a consequence of steric hindrance.
The relative intensities of DAG fragments in the CID spectra
of all of the TAG standards studied in this work are listed in
Table 1. The less favorable loss of the FA from the central po-
sition appears to be universal for all TAG. Other trends that can
be observed from careful inspection of Table 1 are that frag-
mentation at a particular position increases with an increasing
degree of unsaturation and, although to a lesser extent, with in-

creasing chain length. Assuming that the mechanism for frag-
mentation given above is correct (fragmentation occurs at the
ammoniated FA), these trends can be rationalized on the basis
of ammonium ion affinities, which are likely to increase with
an increasing degree of unsaturation and FA chain length (55). 

Chromatography. Figure 2A shows a chromatogram of the
standard mixture of TAG. Figure 2B shows a chromatogram of
the peanut oil/corn oil extract. Data were collected in the MS-
only mode. Our data showed that retention increased for TAG
with FA of longer chain lengths and lower degrees of unsatura-
tion. These observations agree with previously reported data il-
lustrating that the retention of TAG species in RP-HPLC can
be predicted reasonably well based on the sum of empirically
derived retention factors for the constituent FA groups (56).
The major TAG species present in the standard mixture are la-
beled on the chromatogram shown in Figure 2A. 

In addition, targeted CID experiments were performed on
the standard mixture and the peanut oil/corn oil extract. For the
standard mixture, the CID spectra of the m/z 878 and 904
peaks, which corresponded to the positional isomer systems of
POS/PSO/SPO and SOO/OSO, respectively, were examined to
investigate the extent at which positional isomers co-eluted. In
both cases, the ratios of the relative intensities of the DAG frag-
ments did not vary as one moved across a chromatographic
peak. This indicates that little to no fractionation of the posi-
tional isomers of TAG occurred in our RP-HPLC method. 

The masses and relative intensities of the DAG fragments
from the targeted MS-MS experiments were used to identify
the major and minor TAG species in the peanut oil/corn oil
extract. Labels indicating these identified species are noted
above the chromatographic peaks in Figure 2B. Each labeled
species is the most abundant positional isomer of its system.
The dominance of the unsaturated FA in the central position
is apparent. Figure 3A also provides data from the targeted
CID experiment on the peanut oil/corn oil extract. It shows
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FIG. 1. Collision-induced dissociation (CID) spectrum of POS. The SP+

that formed from the loss of the oleate moiety from the central position
was the DAG fragment of lowest abundance. Abbreviations: P, 16:0,
palmitic acid; O, 18:1 (cis-9), oleic acid; S, 18:0, stearic acid.

TABLE 1
Relative Intensities of the DAG Collision-Induced Dissociation (CID) Fragments [M + NH4 − FA + NH3]+

for the Standard TAG Analyzed in this Worka

TAG Parent ion PP+ PO+ SP+ OO+ SO+ SS+/AP+ AO+ TO+ TT+

POP 850.8 16.2 100.0 — — — — — — —
PPO 850.8 100.0 92.8 — — — — — — —
SPO 878.6 — 66.5 100.0 — 22.4 — — — —
POS 878.6 — 100.0 40.7 — 99.0 — — — —
PSO 878.6 — 25.4 100.0 — 67.9 — — — —
OOS 904.8 — — — 55.0 100.0 — — — —
OSO 904.8 — — — 17.0 100.0 — — — —
SSO 906.6 — — — — 90.0 100.0 — — —
SOS 906.6 — — — — 100.0 17.1 — — —
APO 906.6 — 69.3 — — — 100.0 25.0 — —
AOP 906.6 — 100.0 — — — 41.4 89.9 — —
PAO 906.6 — 32.6 — — — 100.0 63.1 — —
LgOLg 1075.0 — — — — — — — 100.0 22.3
aThese data support the general rule that cleavage of the FA in the central position is unfavorable. Data for the LnLnLn, LLL,
and OOO are not shown here, because the CID spectra for these simple TAG were trivial. LnLn+, LL+, and OO+, respec-
tively, were the only DAG fragments present in the spectra. Abbreviations: A, 20:0, eicosanic acid; L, 18:2 (cis,cis-9,12),
linoleic acid; Ln, 18:3 (cis,cis,cis-9,12,15), linolenic acid; O 18:1 (cis-9), oleic acid; P, 16:0, palmitic acid; S, 18:0, stearic
acid; T, Lg, 24:0, lignoceric acid.



the total ion chromatogram of the CID products of TAG with
a M.W. of 884.5 amu ([M + NH4]+ ion at m/z 902.6). The
chromatogram indicates that TAG of the same M.W. were
partially fractionated by the RP-HPLC method. Figure 3B
shows the average CID spectrum across these fractionated
chromatographic peaks. The intense peak at m/z 603.3 corre-
sponds to OO+ or LS+, and the peaks at m/z 601.3 and m/z
605.4 correspond to LO+ and SO+, respectively. These DAG
fragments indicate the dominant presence of OOO and
LOS/LSO/SLO in the oil mixture.

Advantages of using HPLC in conjunction with CID analy-
sis. To highlight the advantages of combining HPLC and CID,
experiments were designed to compare RP-HPLC-MS-MS
data directly with direct-infusion MS-MS data. The sample
used for this comparison was the peanut oil/corn oil mixture.
Figure 4A is the CID of the m/z 900.5 peak acquired under di-
rect-infusion analysis. Figure 4B is the CID spectrum of the
m/z 900.5 peak (TAG of M.W. 882.5 amu) acquired during a
targeted RP-HPLC-MS-MS analysis. The key DAG peaks in

these spectra consisted of m/z 599.3 (LL+), 601.3 (OL+), and
603.3 (OO+ and LS+), indicating the presence of the OOL/OLO
and SLL/LSL systems at m/z 900.5. The intensities of the peaks
in the targeted MS-MS data suggest that OOL and SLL were
the dominant positional isomers. In comparison, the direct-in-
fusion analysis was difficult to interpret because DAG frag-
ments from the corresponding 13C isotope peaks of ammoni-
ated TAG of M.W. 880.5 amu had a dominant presence in the
spectrum, as evident from the peaks at m/z 600 and 602. TAG
species that contain two 13C can produce DAG fragments con-
taining two, one, or no 13C isotopes, and as a result, some of the
intensity at the m/z 599, 601, and 603 peaks also resulted from
these 13C-containing fragment ions. Another factor contribut-
ing to the complexity of the spectra resulted from the limited
trapping resolution of the ion trap. It is possible that some 13C-
containing ions at m/z 899.5 also may have been trapped and
fragmented. These complications are not present in the HPLC-
MS-MS analyses. The TAG that produced ammoniated ions at
m/z 898 and 900 were completely separated, thus removing
these isotope effects. In addition, through a direct comparison
of the two spectra it was evident that the ratios among the m/z
599.3, 601.3, and 603.3 ions were altered by these isotope ef-
fects. As a result, quantification of positional isomers using the
direct-infusion method yielded erroneous results.

Partial fractionation of isomeric TAG species by HPLC-
MS-MS can be useful in some cases in the quantification of po-
sitional isomers. As mentioned previously, it is evident from
Figure 3 that our RP-HPLC analysis partially resolved TAG
that formed [M + NH4]+ ions at m/z 902.6. The CID spectrum
obtained from averaging 18 scans from 17.9 to 18.5 min is
shown in Figure 5A, and the CID spectrum of the later-eluting
TAG are shown in Figure 5B, which was obtained by carefully
subtracting the contribution from the earlier eluting peak.
Analysis of Figure 5A shows only one DAG peak at m/z 603.3.
This ion corresponds to OO+, confirming the identity of the ear-
lier-eluting TAG as OOO. Analysis of Figure 5B shows DAG
peaks at m/z 601.3, 603.3, and 605.3, as well as ions of lower
intensity at m/z 575.3 and 629.4. These ions correspond to OL+,
SL+, OS+/PA1

+, PL+, and A1L+, respectively, confirming the
identities of the later-eluting TAG as LOS/LSO/SLO and
A1LP/LA1P/A1PL positional isomers. The intensities of these
DAG peaks suggest that LOS is likely to be the dominant posi-
tional isomer of the LOS/LSO/SLO system in these oils. The
minor presence of A1LP/LA1P/A1PL positional isomers would
not interfere to any great extent with the relative quantification
of the LOS/LSO/SLO system. Figure 5C illustrates the aver-
age CID spectrum of the m/z 902.5 ion acquired via direct-in-
fusion ESI-MS-MS. Interpretation of this spectrum was diffi-
cult, as already discussed. Quantitative analysis of the
LOS/LSO/SLO system was not possible from this spectrum.
Furthermore, the DAG peaks indicating the presence of the
A1LP/LA1P/A1PL positional isomers were lost in the back-
ground noise. The enhanced signal-to-noise ratio was yet an-
other advantage of combining the HPLC and CID analysis. 

Quantification of positional isomers. The CID spectrum of [M
+ NH4]+ for a given mixture of positional isomers corresponded
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FIG. 2. Ion chromatograms from m/z 800–1000 for the standard TAG
mixture (A) and an extract of a mixture of peanut and corn oils (B). The
masses and intensities of the DAG fragments in the CID spectra were
used to identify the major TAG species. Abbreviations: Ln, 18:3
(cis,cis,cis-9,12,15); linolenic acid; L, 18:2 (cis,cis-9,12); A, 20:0,
eicosanic acid; B, 22:0, behenic acid; P1, 16:1 (cis-9), palmitoleic acid;
Lg, 24:0, lignoceric acid; for other abbreviations see Figure 1.



to a weighted average of each the positional isomers in the
mixture. Since positional isomers co-eluted, as highlighted in
the preceeding paragraphs, the CID spectra from targeted RP-
HPLC-MS-MS analyses contained fractional composition in-
formation. To obtain this fractional composition information,
calibration curves were useful. To illustrate the utility of such
calibration plots, binary mixtures of the SOP/SPO/PSO,
OSO/OOS, and SOS/SSO positional isomer systems were an-
alyzed by targeted RP-HPLC-MS-MS. Figure 6 presents
these calibration plots for the five sets of binary mixtures an-
alyzed in these experiments. The fractional peak intensities
of the DAG fragments are plotted against the mole fraction of
the positional isomers. A linear relationship is apparent from
the data. 

These calibration plots were applied to the positional analy-
sis of these systems of positional isomers in several vegetable
oils and animal fats. Table 2 shows the results of these experi-
ments, which were in agreement with previous data from the
traditional digestion methods (7,8,57,58) and MS data
(45,46,50). For the vegetable-based oils and beef and chicken
fat, the oleate moiety was placed in the central position of the
TAG almost exclusively for the systems examined in this study.
In contrast, but consistent with the results of others, the palmi-
tate moiety was favored in the central position for the
POS/SPO/PSO system in pork fat (essentially 100% of this po-
sitional isomer was in the SPO form). Also, the stearate moiety
was favored in the central position (90%) for the SSO/SOS sys-
tem in pork fat. 
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FIG. 3. (A) The total ion chromatogram of the CID products of the m/z 902.6 ion from a tar-
geted MS-MS analysis. The chromatogram shows clear signs of TAG that have been partially
fractionated by the RP-HPLC method. (B) The average CID spectrum across the fractionated
chromatographic peaks. The masses of the DAG peaks suggest the presence of OOO and
LOS/LSO/SLO. For abbreviations see Figures 1 and 2.



The errors associated with the POS/PSO/SPO system were
greater than those associated with the SSO/SOS and OSO/OOS
systems owing to a propagation of errors from the regression
parameters of the three calibration plots. This propagation was
inherent in the Monte Carlo simulations. Nevertheless, frac-
tional compositions for the POS/SPO/PSO systems were deter-
mined to within ± 0.1. 

Determining reliable fractional composition data for a
given system, such as the POS/SPO/PSO, SSO/SOS, and
OSO/OOS systems examined in this study, can be compli-
cated by the presence of other isomeric species with different
FA compositions that happen to co-elute. For example, with
the analysis of the SSO/SOS system in peanut oil, the CID of
the m/z 906.5 ion (the mass of the ammoniated parent from
SSO/SOS) produced intense DAG fragments at m/z 577 and

631, corresponding to PO+ and AO+, respectively. This indi-
cates a significant presence of the co-eluting POA/OPA/PAO
TAG system in peanut oil. The loss of the oleate moiety from
these TAG produced a peak at m/z 607 (PA+), as did the loss
of oleate from SSO and SOS (SS+). We could not differenti-
ate the portion of the m/z 607 peak that was attributable to the
SOS/SSO system from the portion attributable to the
POA/OPA/PAO TAG system, and, as a result, fractional com-
position data were unattainable. Owing to the abundant pres-
ence of POA/OPA/PAO TAG, reliable data for the SSO/SOS
system could not be obtained for many of the oils. The
A1PO/A1OP/OA1P system of positional isomers co-eluted with
the OSO/OOS system and therefore interfered with its quantita-
tive positional analysis. The A1PO/A1OP/OA1P TAG were only
very minor components in the oils that we investigated and did
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FIG. 4. (A) The average CID spectrum of the m/z 900.6 ion acquired via direct-infusion MS-
MS of the peanut oil/corn oil mixture. (B) The average CID spectrum of the m/z 900.6 ion ac-
quired via RP-HPLC-MS-MS of the peanut oil/corn oil mixture. The major advantage of using
HPLC to fractionate the TAG prior to CID analysis is the removal of interfering 13C isotope ef-
fects present in the direct-infusion spectra. For abbreviations see Figures 1 and 2.
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FIG. 5. Deconvoluted CID spectra of the first (A) and second (B) fractions shown in Figure 3A.
Through subtraction, a representative spectrum of the LOS/LSO/SLO system was obtained that
could be used for the quantification of this system of positional isomers. (C) CID spectra of the
902.6 ion acquired via direct-infusion electrospray ionization MS-MS. A1, 20:1 (cis-11),
eicosenoic acid; for other abbreviations see Figures 1 and 2.



not greatly affect quantification of the SOS/SSO system. How-
ever, the A1PO/A1OP/OA1P TAGs were present in significant
amounts in pig fat, making reliable data for the OSO/OOS sys-

tem unattainable. Further research is in progress that attempts
to address the limitations that some co-eluting isomeric TAG
species place on the current methodology. 
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FIG. 6. Calibration plots for binary mixtures of positional isomers. All fractional intensities are relative to the sum of all DAG fragments. (A) Frac-
tional intensities of the OO+ ion as a function of the fractional composition of binary mixtures of OOS and OSO. (B) Fractional intensities of the
SS+ ion as a function of the fractional composition of binary mixtures of SSO and SOS. (C) Fractional intensities of the DAG fragments as a function
of the fractional composition of binary mixtures of POS and SPO. (D) Fractional intensities of the DAG fragments as a function of the fractional
composition of binary mixtures of PSO and SPO. (E) Fractional intensities of the DAG fragments as a function of the fractional composition of bi-
nary mixtures of PSO and POS. (C–E) ■ represents the fractional intensity of SO+, ▲ represents the fractional intensity of SP+, and ● represents the
fractional intensity of PO+.



DISCUSSION

This paper illustrates that calibration plots for systems of posi-
tional isomers can be constructed and used to measure the frac-
tional compositions of positional isomers in complex mixtures.
Further work is being performed to extend this work to other
isomeric systems, including the development of a model that
can predict the relative intensities of the DAG fragments in the
CID spectrum of any ammoniated TAG. Additional investiga-
tions are also focusing on evaluating the chromatographic and
CID characteristics of TAG containing cis vs. trans FA. 

The method described in this paper has the advantages of
providing CID spectra that are easier to interpret and that give
more precise quantitative information. The spectra are easier to
interpret as a result of the elimination of 13C isotope effects.
The added precision results from both the removal of the 13C
isotope effects and the added selectivity obtained by combin-
ing HPLC with CID. Only co-eluting TAG of the same M.W.
that yielded a common CID product interfered with the quanti-
tative positional analysis. Thus, the possible interferences were
significantly reduced. However, interferences do still occur
when analyzing certain TAG species, and overcoming these
difficulties is a challenge that lies ahead. 

Improvements in the chromatographic resolution of the
TAG may help to separate some of the interfering species. The
RP-HPLC method used in this work was optimized for the
methanol/n-propanol (ammonium formate) mobile phase sys-
tem. However, better separations have been reported in the lit-
erature (56,59,60), and it may be possible to improve on our
current HPLC method. Future work will include an investiga-
tion of different mobile phase systems that may be compatible
with the formation of [M + NH4]+ ions. 

MS-MS-MS experiments have proven to be very powerful
for some applications and may be a useful approach for deal-
ing with these interferences. Byrdwell and Neff (61) reported
that the key MS-MS-MS products were the acylium ions
(RCO+), which revealed the identities of individual FA chains.
In this approach, DAG fragments of a certain m/z ratio formed
in the first CID event were isolated in the ion trap and subjected
to another round of CID. The following example for the

SOS/SSO system is offered as an illustration of the potential
application of MS-MS-MS experiments in a quantitative posi-
tional analysis of TAG. As mentioned above, the DAG peak at
m/z 607 could be formed via CID of the ammoniated TAG from
both the SOS/SSO (SS+) and PAO/APO/AOP (AP+) systems.
Once formed, if these fragments were isolated in the ion trap
and subsequently dissociated in another round of CID, the
acylium fragments produced would correspond to S, O, A, and
P. The relative abundances of the O and S acylium fragments
would likely be indicative of the fractional composition of the
SOS/SSO, and the relative abundances of the intensities for the
A and P acylium fragments would likely be indicative of the
fractional composition of the PAO/APO/AOP. These MS-MS-
MS experiments are currently under investigation. Initial work
has proven to be challenging because the intensities of the
MAG fragments are very low. However, we are attempting to
fine-tune the conditions necessary to produce useful MS-MS-
MS data. 

Upon further development we plan to utilize this method to
investigate the influence of FA position on the metabolism, ab-
sorption, transport, biosynthesis, and mobilization of essen-
tially any set of positional TAG isomers in biological systems.
The kinetics of these processes is under investigation for sys-
tems of positional isomers using stable isotope incorporation in
conjunction with this methodology. 
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ABSTRACT: A novel synthetic method has been developed for
cardiolipin and its analog via a chlorophosphoramidite coupling
reaction followed by oxidation. The reagent, N,N-diisopropyl-
methylphosphoramidic chloride, couples effectively with 1,2-
O-dimyristoyl-sn-glycerol in the presence of an amidite activa-
tor to form a phosphoamidite intermediate, which then reacts
with 2-O-benzylglycerol in the presence of a basic catalyst fol-
lowed by in situ oxidation to give the corresponding protected
cardiolipin. Deprotection of the protecting groups provides
tetramyristoyl cardiolipin in good overall yield of 60%. The syn-
thetic method is applicable to large-scale synthesis of cardio-
lipin and various analogs with or without unsaturation for lipo-
somal drug delivery. 

Paper no. L9411 in Lipids 39, 285–290 (March 2004).   

We report herein a simple, efficient method for the synthesis
of cardiolipin 1 (Scheme 1) and its ether anolog 7. Cardi-
olipin, also referred as to diphosphatidylglycerols, constitutes
a class of complex phospholipids that occur mainly in the
heart and skeletal muscles and that usually are associated with
membranes of subcellular fractions showing high metabolic
activity, for example, the mitochondria (1–3). Cardiolipin
plays an important role in many biological processes as well
as in many areas of biochemical and biomedical studies (4–7).
During the past decade, more attention has been focused on
the use of cardiolipin in drug delivery, therapeutic imaging,
diagnostic imaging, and as contrast agents (8–10). In one of
the most challenging areas, liposomes formed by cardiolipin
were found to be a unique way to deliver drugs to tumor cells
(11). Encapsulating anticancer drugs such as doxorubicin in
liposomes using synthetic tetramyristoyl cardiolipin not only
enhances their antitumor activities but also may provide the
ability to modulate multidrug resistance and reduce toxicities
(12,13). The synthetic approaches described to date for the
synthesis of cardiolipin have involved multi-steps along with
difficulties in purification that resulted in poor yields (14–20).
We describe here the development of a practical and efficient

method for the synthesis of cardiolipins and their ether
analogs using a chlorophosphoramidite approach.

The literature on the synthesis of cardiolipin is divided
mainly into two types of reactions, either by the simultaneous
coupling at both the C-1 and C-3 hydroxy groups of 2-O-pro-
tected glycerol with DAG via a phosphodiester or phosphotri-
ester linkage using a phosphorylating agent (14–16), or by the
condensation of both the C-1 and C-3 hydroxy groups of 2-O-
protected glycerol with PA in the presence of 2,4,6-triisopropyl-
benzenesulfonyl chloride (TPSCl) (17,18). Saunders and
Schwarz (14) described the preparation of cardiolipin by using
phosphorus oxychloride (POCl3) as phosphorylating reagent,
but this method was later found to be unreproducible (15). The
method using di(1,2-dimethylethylene)pyrophosphate as phos-
phorylating agent suffers from a significant transesterification
reaction that generates a number of side products in addition to
the desired cardiolipin (15). The traditional method using TPSCl
as a condensation reagent is impractical owing to the lower sta-
bility of PA and the difficulties in removing large amounts of
pyridine in the scaleup synthesis (17,18). Another approach to
the synthesis of cardiolipin claimed in literature is the condensa-
tion of the silver salt of diacylglycerophosphoric acid benzyl
ester with 1,3-diiodopropanol benzyl ether (19,20). This method
is not feasible for the routine preparation of large quantities
owing to the many steps involved, the use of highly photosensi-
tive silver salt intermediates, and unstable iodo intermediates.

EXPERIMENTAL PROCEDURES

NMR spectra were recorded on a Varian Inova (500 MHz) NMR
spectrometer or a Varian VXR (300 MHz) NMR spectrometer
from solutions in deuteriochloroform with tetramethylsilane
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(TMS) as the internal reference standard. Chemical shifts are
given in ppm (δ) downfield from TMS (δTMS = 0 ppm). Mass
spectral analyses [electron spray ionization (ESI)] were car-
ried out on Triple Quadrupole LC/MS/MS mass spectrometer
API 4000 (Applied Biosystems). IR spectra were recorded on a
Nicolet Nexus 470 FT-IR. Samples were prepared by the attenu-
ated total reflectance (ATR) method. Optical rotations were mea-
sured on a model 341 Perkin-Elmer polarimeter. Bovine heart
cardiolipin was purchased from Sigma Chemical Co. (St. Louis,
MO). N,N-Diisopropylmethylphosphonamidic chloride and 2-
O-benzylglycerol were purchased from Aldrich Chemical Co.
(Milwaukee, WI). 1,2-O-Dimyristoyl-sn-glycerol was pur-
chased from Genzyme Pharmaceuticals (Cambridge, MA).
1,2-O-Dimyristyl-sn-glycerol was prepared in this laboratory
starting from (R)-(+)-1-O-benzylglycerol and 1-bromotetradec-
ane; both are available from Aldrich Chemical Co. 1,2-O-Di-
oleoyl-sn-glycerol was purchased from Avanti Polar Lipids
(Alabaster, AL). All reactions requiring anhydrous conditions
were performed under a positive pressure of dry argon. All
anhydrous solvents such as dichloromethane and THF were
purchased from Aldrich Chemical Co. and were used as such.
Chromatographic purifications were done using Silica gel 60
(230–400 mesh, Whatman) and the indicated solvent systems.
TLC was done on Silica gel 60 F254 plates (250 µm; EM Sci-
ence, Gibbstown, NJ), and spots were visualized either by
spraying with phosphomolybdate reagent followed by heat-
ing or spraying with molybdenum blue (Sigma Chemical Co.).   

Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dimyristoyl-sn-
glycero-3)phosphoryl]glycerol dimethyl ester 5a. To a solu-
tion of N,N-diisopropylmethylphosphonamidic chloride 3
(1.92 g, 9.22 mmol) and dry N,N-diisopropylethylamine
(DIEA; 1.92 mL, 11.1 mmol) in CH2Cl2 (10 mL) was added
dropwise a solution of 1,2-O-dimyristoyl-sn-glycerol 2a
(4.61 g, 9.0 mmol) in CH2Cl2 (45 mL) at room temperature
over 30 min. After addition, the reaction mixture was stirred
at room temperature for 1.5 h and then 1H-tetrazole of 3 wt%
solution in acetonitrile (71.8 mL, 24.3 mmol) was added. To
this reaction mixture, a solution of 2-O-benzylglycerol 4
(0.66 g, 3.60 mmol) in CH2Cl2 (10 mL) was added dropwise.
The reaction mixture was stirred at room temperature for 3 h.
The reaction mixture was then cooled to –40°C, and a solu-
tion of 77% m-chloroperoxybenzoic acid (MCPBA; 2.64 g,
11.80 mmol) in CH2Cl2 (10 mL) was added such that the tem-
perature of the reaction mixture was kept below 0°C. The
mixture was warmed to 25°C before it was transferred to a
separatory funnel and washed with 5% Na2S2O3 (2 × 30 mL),
5% NaHCO3 (2 × 50 mL), cold 1 N HCl (2 × 15 mL), water,
and brine. The organic phase was dried over anhydrous
Na2SO4 and concentrated in vacuo to yield an oil residue. The
residue was purified by flash chromatography on silica gel,
eluting with hexane/ethyl acetate (2:1 to 1:1, vol/vol) to af-
ford 5a as a colorless oil. Yield 4.38 g (90%). TLC (hexane/
EtOAc 1:1, vol/vol), Rf = 0.16; 1H NMR (300 MHz, CDCl3)
δ: 7.35 (m, 5H, ArH), 5.22 (m, 2H, RCOOCH), 4.67 (s, 2H,
CH2Ph), 4.34–4.06 (m, 12H, RCOOCH2, POCH2), 3.83 (m,
1H, BnOCH), 3.75 (dt, J = 11.4, 3.0 Hz, 6H, POCH3), 2.31

(m, 8H, –CH2COO–), 1.59 (m, 8H, –CH2CH2COO–), 1.25
(br s, 80H, CH2), 0.88 (t, J = 6.6 Hz, 12H, CH3).

Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dimyristoyl-sn-glyc-
ero-3)phosphoryl]glycerol diammonium salt 6a. To a stirred so-
lution of compound 5a (1.80 g, 1.32 mmol) in 2-butanone (85
mL) was added NaI (0.59 g, 3.96 mmol), and the reaction mix-
ture was refluxed for 1.5 h and then cooled to 25°C. The result-
ing white precipitate was filtered and washed with cold 2-
butanone to yield 1.71 g of 2-O-benzyl-1,3-bis(1,2-O-dimyris-
toyl-sn-glycero-3-phosphoryl)glycerol disodium salt as a white
solid. The disodium salt was dissolved in a cold mixture of
CHCl3 (80 mL), MeOH (160 mL), and 0.1 N HCl (80 mL)
and stirred at room temperature for 40 min.  After addition of
H2O (80 mL) and CHCl3 (80 mL), the CHCl3 layer was iso-
lated and washed with H2O (50 mL). The organic layer was
neutralized by addition of 15 mL of 10% NH4OH. The or-
ganic layer was separated and concentrated in vacuo to give a
residue, which was further purified through a short silica gel
column using CHCl3/MeOH/NH4OH (65:15:1, by vol) to afford
2-O-benzyl-1,3-bis[(1,2-O-dimyristoyl-sn-glycero-3)phospho-
ryl]glycerol diammonium salt 6a as a white solid. Yield 1.42
g (79%). TLC (CHCl3/MeOH/NH4OH 65:25:5, by vol), Rf =
0.64; 1H NMR (300 MHz, CDCl3) δ: 7.55 (br s, 8H, NH4),
7.33–7.31 (m, 5H, ArH), 5.20 (m, 2H, RCOOCH), 4.60 (s,
2H, CH2Ph), 4.29–3.89 (m, 12H, RCOOCH2, POCH2), 3.69
(m, 1H, BnOCH), 2.27 (m, 8H, –CH2COO–), 1.56 (m, 8H,
–CH2CH2COO–), 1.25 (br s, 80H, CH2), 0.88 (t, J = 6.5 Hz,
12H, CH3); ESI–MS, m/z (M – 2NH4)2– 664.9, (M – 2NH4 –
RCOO)– 1102.0, (M – 2NH4 + H)– 1330.3.

Synthesis of 1,3-bis[(1,2-O-dimyristoyl-sn-glycero-3)phos-
phoryl]glycerol diammonium salt 1a (tetramyristoyl cardio-
lipin). A sample of 2-O-benzyl-1,3-bis[(1,2-O-dimyristoyl-
sn-glycero-3)phosphoryl]glycerol diammonium salt 6a (1.52 g,
1.10 mmol) was dissolved in THF (40 mL) and hydrogenated
with 10% Pd-C (1.16 g) at a pressure of 50 psi for 9 h. After fil-
tration on Celite to remove the catalyst, the solution was
evaporated to dryness. The residue was dissolved in chloro-
form (8 mL) and precipitated using acetone (60 mL). The
mixture was kept in a freezer overnight, and the white solid
was filtered and washed with a small amount of cold acetone.
After drying in a vacuum desiccator under Drierite for 3 h and
then over phosphorus pentoxide (P2O5) overnight, 1,3-bis[(1,2-
O-dimyristoyl-sn-glycero-3)phosphoryl]glycerol diammo-
nium salt 1a (tetramyristoyl cardiolipin) was obtained. Yield
1.21 g (85%). TLC (CHCl3/MeOH/NH4OH 65:25:5, by vol),
Rf = 0.29; ([α]D

25 = +4.5 c = 1.5 in CHCl3); 1H NMR (500
MHz, CDCl3) δ: 7.32 (br s, 8H, NH4), 5.26 (m, 2H, RCOOCH),
4.34–3.92 (m, 13H, RCOOCH2, POCH2, HOCH), 2.33 (m,
8H, –CH2COO–), 2.29 (t, J = 7.5 Hz, 1H, CHOH), 1.58 (m,
8H, –CH2CH2COO–), 1.30 (br s, 80H, CH2), 0.88 (t, J = 6.5 Hz,
12H, CH3); FTIR (ATR) 3231s, 2918s, 2850s, 1738s, 1467w,
1378w, 1203ms, 1067s cm–1; ESI–MS, m/z (M – 2NH4)2–

619.9, (M – 2NH4 – RCOO)– 1011.9, (M – 2NH4 + H)– 1240.2.
Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dimyristyl-sn-glyc-

ero-3)phosphoryl]glycerol dimethyl ester 5b. This compound
was prepared following the procedure described for the
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preparation of 5a, substituting 1,2-O-dimyristyl-sn-glycerol 2b
in place of 1,2-O-dimyristoyl-sn-glycerol 2a. The crude prod-
uct was purified by flash chromatography on silica gel, elut-
ing with a gradient of hexane/ethyl acetate (1:0 to 1:1, vol/
vol) to give 2-O-benzyl-1,3-bis[(1,2-O-dimyristyl-sn-glycero-
3)phosphoryl]glycerol dimethyl ester 5b in the yield of 79%.
TLC (hexane/EtOAc 1:1, vol/vol), Rf = 0.24. 1H NMR (300
MHz, CDCl3): δ: 7.35–7.29 (m, 5H, ArH), 4.68 (s, 2H, CH2Ph),
4.26–4.02 (m, 8H, POCH2), 3.86 (m, 2H, ROCH), 3.75 (d, J =
12.0, 6H, POCH3), 3.61–3.38 (m, 13H, –CH2OCH2–, –CH2-
OCH–, BnOCH), 1.54 (m, 8H, –CH2CH2O–), 1.29 (m, 88H,
CH2), 0.88 (t, J = 6.7, 12H, CH3).

Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dimyristyl-sn-glyc-
ero-3)phosphoryl]glycerol diammonium salt 6b. Following
the procedure described for the preparation of 6a, 2-O-benzyl-
1,3-bis[(1,2-O-dimyristyl-sn-glycero-3)phosphoryl]glycerol
dimethyl ester 5b was treated with NaI in 2-butanone. The re-
sulting disodium salt was converted to its free acid, then neu-
tralized with concentrated aqueous NH4OH to afford 2-O-
benzyl-1,3-bis[(1,2-O-dimyristyl-sn-glycero-3)phosphoryl]
glycerol diammonium salt 6b in the yield of 60%. TLC (CHCl3/
MeOH/NH4OH, 65:25:5, by vol), Rf = 0.50; 1H NMR (500
MHz, CDCl3): δ: 7.29–7.21 (m, 5H, ArH), 4.57 (s, 2H, CH2Ph),
4.21–3.38 (m, 23H, POCH2, –CH2OCH2–; –CH2OCH–,
BnOCH), 1.50 (m, 8H, CH2CH2O–), 1.25 (m, 88H, CH2), 0.89
(t, 12H, J = 6.54 Hz, CH3); ESI–MS, m/z (M – 2NH4 + H)–

1274.1,  (M – 2NH4)2– 636.9.
Synthesis of 1,3-bis[(1,2-O-dimyristyl-sn-glycero-3)phos-

phoryl]glycerol diammonium salt 7 (tetramyristyl cardiolipin
ether analog). Following the procedure described for the
preparation of 1a, 2-O-benzyl-1,3-bis[(1,2-O-dimyristyl-sn-
glycero-3)phosphoryl]glycerol diammonium salt 6b was hy-
drogenated in THF with 10% Pd-C at 50 psi for 16 h to afford
1,3-bis[(1,2-O-dimyristyl-sn-glycero-3)phosphoryl]glycerol
diammonium salt 7 in the yield of 56%. TLC (CHCl3/ MeOH/
NH4OH, 65:25:5, by vol), Rf = 0.28; 1H NMR (500 MHz,
CDCl3): δ: 7.29 (br s, 8H, NH4), 4.20–3.80 (m, 8H, POCH2),
3.57–3.41 (m, 15H, CH2OCH2, CH2OCH–, HOCH), 2.3 (br,
1H, OH), 1.53 (m, 8H, CH2CH2O–), 1.25 (m, 88H, CH2), 0.87
(t, 12H, J = 6.9 Hz, CH3); ESI–MS, m/z 1184.7 (M – 2NH4 +
H)–, 591.3 (M – 2NH4)2–.

Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dioleoyl-sn-glyc-
ero-3)phosphoryl]glycerol dimethyl ester 9. To a solution of
N,N-diisopropylmethylphosphoramidic chloride 3 (0.48 g,
2.31 mmol) and dry DIEA (0.48 mL, 2.78 mmol) in CH2Cl2
(2.5 mL) was added dropwise a solution of 1,2-O-dioleoyl-
sn-glycerol 8 (1.38 g, 2.22 mmol) in CH2Cl2 (10 mL) at room
temperature. After the reaction mixture was stirred at room
temperature (rt) for 1.5 h, 1H-tetrazole of 3 wt% solution in
acetonitrile (17.6 mL, 5.97 mmol) was added. To this reac-
tion mixture, a solution of 2-O-benzylglycerol 4 (147 mg,
0.81 mmol) in CH2Cl2 (10 mL) was added dropwise. The re-
action mixture was stirred at room temperature for 2.5 h, then
cooled to –40°C, and 0.70 mL of t-butylperoxide (t-BuOOH)
(5.0–6.0 M solution in nonane) was added with stirring. The
reaction was warmed to 25°C and was transferred to a sepa-

ratory funnel, diluted with CH2Cl2, and washed with 5%
Na2S2O3 (2 × 20 mL), 5% NaHCO3 (2 × 20 mL), cold 1 N
HCl (15 mL), water, and brine. The organic phase was dried
over anhydrous Na2SO4 and concentrated in vacuo to yield
an oil residue. The residue was purified by flash chromatog-
raphy on silica gel eluting with hexane/ethyl acetate (2:1 to
1:1, vol/vol) to afford 2-O-benzyl-1,3-bis[(1,2-O-dioleoyl-sn-
glycero-3)phosphoryl]glycerol dimethyl ester 9 as a colorless
oil. Yield 0.90 g (71%). TLC (hexane/EtOAc 1:1, vol/vol), Rf
= 0.29; 1H NMR (300 MHz, CDCl3) δ: 7.35 (m, 5H, ArH),
5.34 (m, 8H, CH=CH), 5.22 (m, 2H, RCOOCH), 4.67 (s, 2H,
CH2Ph), 4.33–4.06 (m, 12H, RCOOCH2, POCH2), 3.83 (m,
1H, BnOCH), 3.75 (dt, J = 11.2, 3.0 Hz, 6H, POCH3), 2.32
(m, 8H, –CH2COO–), 2.00 (m, 16H, allylic CH2), 1.59 (m,
8H, –CH2CH2COO–), 1.28 (br s, 80H, CH2), 0.88 (t, J = 6.6
Hz, 12H, CH3).

Synthesis of 2-O-benzyl-1,3-bis[(1,2-O-dioleoyl-sn-glyc-
ero-3)phosphoryl]glycerol diammonium salt 10. This com-
pound was prepared as described for the preparation of 6a,
substituting 9 in place of 5a. The free form of 2-O-benzyl-
1,3-bis[(1,2-O-dioleoyl-sn-glycero-3)phosphoryl]glycerol in
CHCl3 was neutralized by addition of concentrated aqueous
NH4OH at 0°C. The mixture was stirred at room temperature
for a few minutes and concentrated in vacuo to give a residue,
which was further taken in hexanes and evaporated twice and
dried under high vacuum overnight. 2-O-Benzyl-1,3-bis[(1,2-
O-dioleoyl-sn-glycero-3)phosphoryl]glycerol diammonium
salt 10 was obtained as a white gummy solid in the yield of 91%.
TLC (CHCl3/MeOH/NH4OH 65:25:5, by vol), Rf = 0.67; 1H
NMR (500 MHz, CDCl3) δ: 7.57 (br s, 8H, NH4), 7.33 (m, 5H,
ArH), 5.34 (m, 8H, CH=CH), 5.21 (m, 2H, RCOOCH), 4.61 (s,
2H, CH2Ph), 4.35–3.89 (m, 12H, RCOOCH2, POCH2), 3.73 (m,
1H, BnOCH), 2.29 (m, 8H, –CH2COO–), 2.00 (m, 16H, allylic
CH2), 1.58 (m, 8H, –CH2 CH2COO–), 1.28 (br s, 80H, CH2),
0.88 (t, J = 6.6 Hz, 12H, CH3); ESI–MS, m/z (M – 2NH4)2–

772.5, (M – 2NH4 + H)– 1545.9.
Synthesis of 1,3-bis[(1,2-O-dioleoyl-sn-glycero-3)phos-

phoryl]glycerol diammonium salt 11 (tetraoleoyl cardiolipin).
To a solution of 2-O-benzyl-1,3-bis[(1,2-O-dioleoyl-sn-glyc-
ero-3)phosphoryl]glycerol diammonium salt 10 (357.6 mg,
0.23 mmol) in CH2Cl2 (40 mL) was added dropwise a 1.0-M
solution of boron trichloride in CH2Cl2 (1.25 mL, 1.25 mmol)
at –78°C over 5 min. The reaction mixture was stirred at –78
to 0°C for 1.5 h. To this, crushed ice was added to quench the
reaction at –10°C, then 1 mL of concentrated aqueous NH4OH
was added dropwise. The mixture was concentrated in vacuo
until a small amount of water remained. Hexane was added,
and the water layer was separated. The organic layer was con-
centrated in vacuo. The residue was purified by flash chroma-
tography on silica gel by eluting with CHCl3/MeOH/NH4OH
(65:15:1 to 65:25:2.5, by vol) to afford 1,3-bis[(1,2-O-di-
oleoyl-sn-glycero-3)phosphoryl]glycerol diammonium salt
11 (tetraoleoyl cardiolipin) as a white gummy solid. Yield 250
mg (74%). TLC (CHCl3/MeOH/NH4OH 65:25:5), Rf = 0.40;
[α]D

25 = +3.1 (c = 1.5 in CHCl3); 1H NMR (500 MHz, CDCl3):
δ: 7.43 (br s, 8H, NH4), 5.34 (m, 8H, olefinic protons), 5.19
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(m, 2H, RCOOCH), 4.38–3.91 (m, 13H, RCOOCH2, POCH2,
HOCH), 2.29 (m, 8H, –CH2COO–), 2.17 (br s, 1H, OH), 2.01
(m, 16H, allylic CH2), 1.58 (m, 8H, –CH2CH2COO–), 1.29
(br s, 80H, CH2), 0.88 (t, J = 6.5 Hz, 12H, CH3). ESI–MS,
m/z (M – 2NH4)2– 727.6, (M – 2NH4 – RCOO)– 1174.2, (M –
2NH4 + H)– 1456.6.

RESULTS AND DISCUSSION

The synthetic methodology that we have developed involves
the application of  chlorophosphoramidite 3 (Scheme 2) as a
phosphorating agent to build a cardiolipin core structure
through a phosphotriester approach. The phosphoramidite
chemistry is well known in oligonucleotide synthesis (21,22).
The method is attractive because phosphorus(III) reagents are
generally more reactive than phosphorus(V) reagents and
usually offer higher yield. The N,N-diiospropylmethylphos-
phoramidic chloride 3 has the advantage of reacting with two
different alcohols in a stepwise manner to form an unsymmet-
ric phosphite triester. This reagent has been reported in the
synthesis of PI 3-phosphates (23). To our knowledge, it has
not been used for cardiolipin synthesis. As illustrated in
Scheme 2, 1,2-O-dimyristoyl-sn-glycerol 2a is subsequently
reacted with reagent 3 in an inert solvent such as
dichloromethane in the presence of  DIEA, then with 2-O-
benzylglycerol 4 in the presence of 1H-tetrazole followed by
oxidation with MCPBA to form the symmetrically substituted
cardiolipin precursor 5a. To minimize side product formation,
the chlorophosphoramidite 3 was first coupled with the

bulkier of the two alcohol reactants, and the proton acceptor,
DIEA, was introduced at the same time to avoid the possibil-
ity of a migration of the acyl group from the 1,2-position into
the 1,3-position. The resulting phosphoramidite intermediate
was subsequently reacted with 2-O-benzylglycerol 4 in the
same flask. The second phosphorylation is promoted by 1H-
tetrazole, which activates the amidite and acts as a scavenger
of the generated amine. In the routine oxidation of phosphite
triester to phosphate triester, it is necessary to remove the ex-
cess DIEA and its hydrochloride salt prior to oxidation (24).
To simplify the reaction procedure, we used excess 1H-tetra-
zole in the subsequent alcohol phosphorylation, which al-
lowed us to oxidize the phosphite triester intermediate with
MCPBA to the desired phosphate triester 5a without isolation
of excess DIEA and its hydrochloride salt.  After oxidation,
the product was purified on silica gel chromatography. The
coupling and oxidation reaction sequence was accomplished
in a simple one-pot manner under mild conditions to provide
the fully protected cardiolipin 5a in high yield (90%).  

The deprotection of the methyl group of the cardiolipin pre-
cursor 5a was carried out by refluxing with NaI in 2-butanone
to quantitatively produce a disodium salt, which was then con-
verted to its ammonium salt 6a by treatment with 0.1 N HCl fol-
lowed by 10% ammonium hydroxide. Use of a methyl group as
a protecting group gives the advantage of facile deprotection,
and the resulting disodium salt generated from the reaction pre-
cipitates out easily in 2-butanone and can be converted to its
ammonium salt by simple acid–base transformation. In the final
step, deprotection of benzyl group of 6a was accomplished by
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SCHEME 2

Reagents and conditions: (i) (a) N,N-diisopropylethylamine, CH2Cl2, room temperature (rt), 1.5 h; (b) 2-O-benzylglycerol 4, 1H-tetrazole, rt, 3 h; (c) m-

chloroperoxybenzoic acid, –40°C to rt; (ii) (a) NaI, 2-butanone, reflux, 1.5 h; (b) dil. HCl, then aq. NH4OH; (iii) H2, THF, 10% Pd/C.

6a R = –COC13H27

6b R = –C14H29

2a R = –COC13H27

2b R = –C14H29

5a R = –COC13H27

5b R = –C14H29

O–NH4
+ O–NH4

+ O–NH4
+ O–NH4

+

1a R = –COC13H27

7 R = –C14H29



catalytic hydrogenation to yield pure cardiolipin as its ammo-
nium salt 1a in 85% yield. The final product was purified by the
precipitation from chloroform/acetone (1:7.5) at –20°C. 

The generality of the method was further exemplified by
the synthesis of ether analog 7 of cardiolipin. As depicted in
Scheme 2, 1,2-O-dimyristyl-sn-glycerol 2b is reacted to couple
it with 2-O-benzylglycerol in the presence of chlorophosphor-
amidite 3 to provide an intermediate 5b. Demethylation of this
intermediate 5b with NaI in 2-butanone yielded the protected
cardiolipin analog 6b, which on deprotection yielded ether ana-
log 7 of cardiolipin. 

Synthetic substitutes of naturally occurring cardiolipin con-
taining unsaturated acyl chains are not fully investigated.  Meth-
ods for the synthesis of these series of compounds have been
somewhat restricted because of the lack of an efficient method
for removal of the protecting group, such as the benzyl group,
without affecting the double bonds as well as their propensity to
undergo facile oxidation. The t-butyldimethylsilyl group was
commonly employed as the protecting group for the hydroxyl
functionality of the central glycerol unit in the synthesis of  un-

saturated cardiolipin (15,16). To extend the scope of  chlorophos-
phoramidite application, we further established a versatile proce-
dure to synthesize cardiolipin bearing unsaturated acyl side
chains. In Scheme 3, 1,2-O-dioleoyl-sn-glycerol 8 is subse-
quently reacted with the reagent 3 in dichloromethane in the
presence of DIEA, then with 2-O-benzylglycerol 4 in the pres-
ence of 1H-tetrazole followed by in situ oxidation to form
tetraoleoyl cardiolipin precursor 9 in good overall yield of 71%.
Although olefin can be epoxidized with any peracids, it is unre-
active with an alkylperoxide  in the absence of a catalyst of a
transition metal complex (25). Therefore, oxidation of phosphite
triester generated from the coupling reaction by using t-butylper-
oxide proceeds smoothly to give the corresponding phosphate
triester 9.  Compound 9 was easily demethylated to afford cardi-
olipin precursor 10 in high yield of 91%. Boron trichloride has
been reported to deprotect the benzyl group of 1-O-benzyl-2,3-
O-diacylglycerol at low temperature without affecting double
bonds (26). This reagent was successfully utilized in the depro-
tection of benzyl-protected cardiolipin 10 to produce tetraoleoyl
cardiolipin 11 in good yield of 74%. 
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SCHEME 3

Reagents and conditions: (i) (a) N,N-diisopropylethylamine, CH2Cl2, room temperature (rt), 1.5 h; (b) 2-O-benzylglycerol 4, 1H-tetrazole, rt, 2.5 h; (c) t-

BuOOH, –40°C to rt; (ii) (a) NaI, 2-butanone, reflux, 1 h; (b) dil. HCl, then aq. NH4OH; (iii) BCl3, CH2Cl2, –78 to 0°C.

O–NH4
+

O–NH4
+

O–NH4
+

O–NH4
+



The synthetic cardiolipins were compared to the natural
cardiolipin by NMR and optical rotation. The highly charac-
teristic 500 MHz 1H NMR spectra of 1a and 11 were essen-
tially identical with natural cardiolipin from bovine heart
(Sigma Chemical Co.) except for the additional resonances
seen in the latter due to vinyl and allylic protons. Both 1a and
11 are dextro isomers (1a, [α]D

25 = +4.5, c = 1.5 in CHCl3; 11,
[α]D

25 = +3.1, c = 1.5 in CHCl3) that are consistent with cardi-
olipin sodium salt from bovine heart ([α]D

25 = +4.8, c = 1.5 in
CHCl3). As anticipated, the optical rotations are not exactly
identical because the natural cardiolipin from bovine heart is
a mixture of cardiolipin derivatives. 

In conclusion, the experiments outlined herein convinc-
ingly establish the utility of  chlorophosphoramidite coupling
and oxidation protocol for the efficient synthesis of cardi-
olipin and its analogs. There are three distinctive features of
the method: (i) It is a simple and straightforward approach to
synthesize cardiolipin. The synthesis involves three steps,
with 60% overall yield to produce tetramyristoyl cardiolipin
and about 50% overall yield for the synthesis of  tetraoleoyl car-
diolipion; (ii) the one-pot coupling/oxidation procedure as well
as the easy deprotection and purification procedure is suitable
for large-scale production of tetramyristoyl cardiolipin; and (iii)
the synthetic methodology can be applied to prepare symmetri-
cal cardiolipin species and analogs bearing a variety of different
glyceryl units. This flexibility provides a general method to syn-
thesize various cardiolipins and analogs. 
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Sir:

I wish to echo Dr. Lands’ plea that diets could prevent many
diseases (1). That diets could prevent coronary artery disease
and hypertension is certainly supported by data emanating
from China.

Coronary artery disease used to be extremely rare in old
China (2). But it has increased considerably in prevalence in
the past several decades, rising from the fifth-most common
form of heart disease in 1948–1957 (6%) to the second-most
common in 1958–1968 (16%) and 1969–1979 (26%), and to
the most common in 1980–1989 (27%), where it remains
until this date (3). The main culprit is the changing dietary
habits. The modern-day Chinese love atherogenic fast foods
and devour them at an ever faster rate. The huge success of
two of the world’s best-known fast-food giants, McDonald’s
and Kentucky Fried Chicken, is the result of a change of Chi-
nese lifestyles, disposable income, and eating habits, which
are becoming more geared to speed, convenience, and fash-
ion. There are more than 800 Kentucky Fried Chicken and
430 McDonald’s restaurants in China (3); the numbers con-
tinue to grow. Every child in China knows the name and can
sing the song of McDonald’s, although completely unaware
of the frightening fact that a Big Mac contains 34 grams of
fat (4). More than one-third of all adults in China and over
half of the adults in China’s urban areas consume over 30%
of their energy from fat (5).

As a consequence of the recent change of dietary habits in
China, the normal plasma cholesterol values in modern (es-
pecially urban) China have shown a steady increase. In 2002,
the upper limit of normal was 6.0 mmol/L or 232 mg/dL, and
the mean value was 5.06 mmol/L or 196 mg/dL (6). These
“normal” values were considerably higher than the normal
values in China published in 1958 (155 mg/dL) (7), in 1981
(191 mg/dL) (7), and in 1997 (200 mg/dL) (8). In 1998 mean
serum cholesterol levels in adults from rural China were still
reported to be 127 mg/dL, compared with 203 mg/dL in resi-
dents of the United States (9).

Hypertension in China is another diet-induced disease
caused by excessive salt intake in the diet. The fast foods sold
by convenience restaurants are high not only in fat but also in
sodium. There is a linear relation between salt intake as mea-
sured by daily urinary sodium excretion and levels of blood
pressure in people from different cities in China (Fig. 1; Ref.
10). In general, blood pressure and urinary sodium excretion
tend to be higher in northern China, e.g., Beijing, Altai, and
Shijiazhuang, than in southern China, e.g., Guangzhou. Of

particular interest was the finding that a 1989 study in
Guangzhou had shown a gradual rise of both systolic and dias-
tolic blood pressures as compared with a 1985 study, associated
with a corresponding increase in urinary sodium excretion. The
increase in sodium intake between these two surveys coincided
with the rise in the number of American fast-food restaurants,
such as McDonald’s, Kentucky Fried Chicken, and Pizza Hut,
that had opened in Guangzhou during that period (11).

Whereas too much fat and salt intake can cause coronary
artery disease and hypertension, respectively, too little sele-
nium can result in Keshan disease and Kashin–Beck disease
in China. Keshan disease is an endemic type of dilated car-
diomyopathy, first discovered in Keshan County in Hei-
longjiang Province, China, but it has largely disappeared now
owing to progressive economic development, improved liv-
ing conditions, and adequate selenium intake in the diet in
modern China (12). Besides Keshan disease, chronic sele-
nium deficiency can also cause Kashin–Beck disease (12,13),
the most frequent rheumatological problem of children in
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FIG. 1. Linear relation between sodium intake as expressed in daily uri-
nary sodium chloride excretion (NaCl g/d) on the abscissa and systolic
(top) and diastolic (bottom) blood pressures on the ordinate in people
from different cities in China. The numbers in parentheses after the city
of Guangzhou denote the different years, i.e., 85 for 1985 and 89 for
1989. From Reference 10.



China (14); it is endemic in Tibet, affecting 9% of its popula-
tion (15). 

Therefore, dietary indiscretions play a major role in the ris-
ing prevalence of heart diseases in China, and their correction
should be able to reverse this trend. Neither diseases of afflu-
ence nor diseases of poverty should exist in any part of the
world in the 21st century.
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ABSTRACT: The isoprenoid biosynthetic pathway is the source
of a wide array of products. The pathway has been highly con-
served throughout evolution, and isoprenoids are some of the
most ancient biomolecules ever identified, playing key roles in
many life forms. In this review we focus on C-10 mono-, C-15
sesqui-, and C-20 diterpenes. Evidence for interconversion be-
tween the pathway intermediates farnesyl pyrophosphate and
geranylgeranyl pyrophosphate and their respective metabolites is
examined. The diverse functions of these molecules are discussed
in detail, including their ability to regulate expression of the β-
HMG-CoA reductase and Ras-related proteins. Additional topics
include the mechanisms underlying the apoptotic effects of select
isoprenoids, antiulcer activities, and the disposition and degrada-
tion of isoprenoids in the environment. Finally, the significance
of pharmacological manipulation of the isoprenoid pathway and
clinical correlations are discussed.

Paper no. L9488 in Lipids 39, 293–309 (April 2004).

The isoprenoid biosynthetic pathway (Fig. 1) is the source of a
very diverse family of compounds. Over 23,000 naturally oc-
curring isoprenoids have been identified, and new compounds
continue to be discovered (1). Isoprenoids, in the form of
hopanoids, have been identified in sediments dating back 2.5
billion years (2). Isoprenoids and their derivatives play key
roles in all aspects of life, e.g., as regulators of gene expres-
sion, constituents of membranes, vitamins, antimicrobial
agents, mating pheromones, reproductive hormones, compo-
nents of signal transduction pathways, and constituents of elec-
tron transport and photosynthetic machinery. In this review we
discuss the isoprenoid biosynthetic pathway and its products,
in particular the monoterpenes, sesquiterpenes, and diterpenes.
Special attention is paid to the regulatory properties of these
isoprenoids. The diverse functions of farnesyl pyrophosphate
(FPP) and its derivative farnesol (FOH) are examined in detail.

Pharmacological manipulation of the isoprenoid biosynthetic
pathway as well as associated clinical correlations are dis-
cussed.

ISOPRENOID BIOSYNTHETIC PATHWAY

The isoprenoid pathway and its products are shown in Figure 1.
β-Hydroxymethylglutaryl coenzyme A (HMG-CoA), ultimately
derived from acetyl-CoA, is converted to mevalonate (3) via the
NADPH-requiring enzyme HMG-CoA reductase (HMGR) in
the rate-limiting step of the pathway. Mevalonate kinase (MK)
phosphorylates mevalonate to yield 5-phosphomevalonate (4).
The five-carbon compound isopentenyl pyrophosphate (IPP) is
formed following additional phosphorylation and decarboxyla-
tion (5). IPP may be isomerized to dimethylallyl pyrophosphate
(DMAPP) via the enzyme isopentenyl pyrophosphate isomerase
(6). DMAPP serves as the isoprene donor in the production of
isopentenyl adenine used for tRNA (7) and in the synthesis of
cytokinins in plants (8). The five-carbon compounds IPP and
DMAPP are condensed to form the 10-carbon geranyl pyrophos-
phate (GPP). GPP serves as the precursor for the synthesis of all
monoterpenes. The addition of another IPP unit to GPP yields
the 15-carbon farnesyl pyrophosphate (FPP). The enzyme FPP
synthase catalyzes the synthesis of both GPP and FPP in mam-
mals (9), whereas in plants a separate GPP synthase has been
identified (10). FPP sits at the branch-point between sterol and
longer-chain nonsterol synthesis. The enzyme squalene synthase
catalyzes the head-to-head condensation of two FPP molecules
to form the sterol precursor squalene (11). Subsequent cycliza-
tion steps lead to sterol synthesis. Plants also use FPP as a sub-
strate for sesquiterpene synthesis. In insects, FPP is the precur-
sor for juvenile hormone (JH) production (12). Geranylgeranyl
pyrophosphate (GGPP) synthase catalyzes the addition of IPP to
FPP to form the 20-carbon product GGPP (13). In plants, GGPP
serves as the precursor for carotenoids, diterpenes, and chloro-
phylls, and in some instances, is used to make longer-chain prod-
ucts. Analogous to the condensation of two FPP molecules to
form squalene, carotenoids are derived from the head-to-head
condensation of GGPP. FPP and GGPP also serve as isoprene
donors in the isoprenylation of proteins catalyzed by the en-
zymes farnesyl protein transferase (FPTase) and geranylgeranyl
protein transferase (GGPTase) I and II (14–17).

In addition to FPP synthase and GGPP synthase, there are
two other isoprenyl diphosphate enzyme systems in mammals
(18). Long E-isoprenyl diphosphate synthase (IDS) and dehy-
drodolichyl diphosphate synthase catalyze the consecutive con-
densations of IPP, starting with FPP. Long E-IDS produces the
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side chains of ubiquinone, the chain length of which varies
among organisms: A C50 synthase is found in humans (19). In
plants, the ultimate products of E-IDS activity include chicle
and gutta-percha, composed of approximately 100 and 700 iso-
prene units, respectively (18). Dehydrodolichyl diphosphate
synthase, the only Z-IDS found in mammals, is responsible for
the synthesis of the sugar carriers dolichol and dolichyl phos-
phate (20). Plants have additional Z-IDS, which can catalyze the
production of very long isoprene species, including natural rub-
ber, composed of over 1000 isoprene units (21). Most bacteria
have FPP synthase as well as both long E- and Z-IDS (22–24).

In addition, some bacterial species produce carotenoids via
GGPP (25).

In plants, a newly discovered mevalonate-independent
deoxy-D-xylulose 5-phosphate (DOXP) pathway exists. The
first step in this pathway involves the condensation of pyruvate
and D-glyceraldehyde-3-phosphate to form 1-deoxy-D-xylu-
lose 5-phosphate, catalyzed by deoxyxylulose 5-phosphate
synthase (DXPS) (26–28). Subsequent reactions lead to the
synthesis of IPP (29,30). The compartmentalization of iso-
prenoid biosynthesis in higher plants is such that sterols,
sesquiterpenes, triterpenes, and polyterpenes are synthesized in

294 REVIEW

Lipids, Vol. 39, no. 4 (2004)

FIG. 1. The isoprenoid biosynthetic pathway and its products.



the cytosol through the mevalonate pathway, whereas monoter-
penes, diterpenes, carotenoids, plastoquinones, and the prenyl
side chain of chlorophyll are synthesized in the plastid through
the DOXP pathway (31). Genomic analyses have indicated that
the mevalonate-dependent pathway is the ancestral pathway in
archaebacteria, and the DOXP pathway is the ancestral source
of IPP in eubacteria (32). Phylogenetic studies in bacteria sug-
gest that the DOXP pathway is the more ancient pathway and
that it is much more common in bacteria than is the meva-
lonate-dependent pathway (33). Although the DOXP pathway
has been identified in a variety of bacteria, mycobacteria, and
algae (34–38), it has not been found in fungi or yeasts (39).

GPP DERIVATIVES

Monoterpenes and monoterpenoids are formed predominantly
by plants and, to a lesser extent, by insects and fungi. It has
been estimated that there are nearly 1,000 monoterpenes (40).
The function of monoterpenes in plants is not completely un-
derstood; however, there is evidence that monoterpenes play
roles in attracting seed-dispersing animals or pollinating in-
sects, repelling browsing animals or insect pests, resisting mi-
crobial attack, and inhibiting the growth of competitors (41).
Although once viewed as inert waste products, the finding that
monoterpenes are rapidly synthesized and catabolized suggests
critical biological functions.

From a historical perspective, monoterpenes, as components
of essential oils, herbs, and spices, were early items of com-
merce and of interest to alchemists. Plant extracts containing
monoterpenes have been used in the treatment of a wide vari-
ety of human diseases dating back to dynastic Egypt (3000 BC)
(42). Today, monoterpenes are used as ingredients in products
such as food flavorings, cosmetics, and cleaning products. Ad-
ditionally, monoterpenes such as limonene and perillyl alcohol
are of interest because of their chemopreventative and
chemotherapeutic activities. Limonene has been shown to in-
hibit the development of spontaneous neoplasms as well as
chemically induced tumors in rodents (43). Dietary limonene
inhibits the development of ras oncogene-induced mammary
tumors in rats (44). In addition, perillyl alcohol (Scheme 1),
carvone, carveol, menthol, and geraniol may also have chemo-
preventative activities (43). Limonene and perillyl alcohol
cause the complete regression of chemically induced rat mam-
mary tumors (45,46). Perillyl alcohol inhibits the growth and
induces complete regression of transplanted hamster pancre-
atic tumors (47). Perillyl alcohol also induces apoptosis in a va-
riety of cell culture lines (48–51). Several phase I clinical trials
for limonene and perillyl alcohol have been completed
(52–57). These trials have shown that the two monoterpenes
are fairly well tolerated, and one study reported a patient with
metastatic colon cancer treated with perillyl alcohol who had a
near-complete response of greater than 2 yr (55).

Previous investigation had suggested an interaction between
monoterpenes and isoprenylated proteins. Studies utilizing ra-
diolabeled mevalonate showed that incorporation of radiolabel
into small GTPases was decreased in the presence of limonene

metabolites (58). At the time, the results of these studies were
interpreted to indicate monoterpene inhibition of isoprenyl
transferases (58). However, it has subsequently been demon-
strated that the decrease in farnesylated Ras levels by perillyl
alcohol is a consequence of decreased de novo synthesis of Ras
protein (59). Furthermore, analysis of a number of monoter-
penes revealed that select monoterpenes inhibit upregulation of
Ras and the Ras-related protein; and a structure–activity rela-
tionship model for these effects was defined (60). These stud-
ies reveal that plant-derived isoprenoids influence expression
of mammalian Ras superfamily proteins. Further studies are re-
quired to clarify the consequences of these induced changes in
the expression of Ras proteins and to define the relationship be-
tween these changes and the ascribed biological effects of
monoterpenes.

FPP DERIVATIVES

FPP is the precursor for all sesquiterpenes. These volatile mol-
ecules are primarily products of plants, insects, and fungi. In-
terestingly, unlike the monoterpenes, some sesquiterpenes may
also be produced by certain vertebrates (61–63). Novel
sesquiterpenes continue to be isolated, and the functions of the
majority of the compounds are unknown. Many plant-derived
sesquiterpenes have anitibacterial, antimalarial, and antifungal
properties. Fungi also produce a wide variety of sesquiterpenes
with antibacterial activities. Juvenile hormones (JH), which are
derivatives of farnesoic acid, play key roles in regulating
growth and development in insects. Myriad other biological ac-
tivities have been reported including sex-attractant pheromones
(64), insect feeding stimulants (65), defensive secretions in in-
sects (66), inducers of superficial scald in apples (67), in-
hibitors of γ-aminobutyric acid receptors (68), inhibitors of nu-
clear factor kappaB (69), inhibitors of cytokine production
(70), phytoestrogens (71), antitumor agents (72), inhibitors of
angiogenesis (73), and anti-HIV agents (74). Discussion of these
highly derivatized sesquiterpenes is outside the scope of this re-
view. Here we will focus primarily on the activities of FPP and
FOH (Scheme 1).

Interconversion of FPP and its metabolites. There is in-
creasing evidence to support the hypothesis that there is an in-
terconversion between FPP and FOH in cells. Over 40 yr ago,
Christophe and Popják (75) documented the metabolism of
allyl pyrophosphates into acids following the dephosphoryla-
tion to free alcohols by a rat liver microsomal phosphatase.
More recently, enzyme activity mediating conversion of FPP
to FOH (farnesyl pyrophosphatase; FPPase) has been described
in rat liver microsomes (76). FPPase activity in CHO cell mi-
crosomes was found to be enhanced under conditions of defi-
cient squalene synthase activity or high exogenous mevalonate
levels but diminished in cells treated with an HMGR inhibitor
(77).

Evidence for the utilization of FOH by the isoprenoid
biosynthetic pathway has come from a number of sources. Ra-
diolabeled FOH is incorporated into the triterpenes of the mi-
croalga Botryococcus braunii (78). Radioactivity from labeled
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FOH is incorporated into cholesterol, ubiquinone, and iso-
prenylated proteins in mammalian cell lines (79,80). Conver-
sion of FOH to FPP has been demonstrated in rat liver micro-
somal and peroxisomal fractions (81) as well as in cell-free ex-
tracts from the archaeon Haloferax volcanii (82). Farnesol
kinase and farnesyl phosphate kinase activities, dependent on
ATP and CTP, respectively, have been identified in rat liver mi-
crosomes (83). In plants, FOH kinase, farnesyl monophosphate
kinase, geranylgeraniol (GGOH) kinase, and geranylgeranyl
monophosphate kinase activities have been found in tobacco
microsomes (84). The gene(s) encoding these putative FOH ki-
nases have not yet been identified. The generation of geranyl
and farnesyl triphosphates by nucleoside diphosphate kinases
has been reported (85), but the physiological relevance of these
triphosphates is unknown. 

Conversion of FOH to farnesoic acid has been demonstrated
in Drosophila cells, rat liver homogenate, and bovine retina ho-

mogenate (86,87). This conversion likely involves the initial
oxidation of FOH to the aldehyde farnesal. FOH, as well as
geraniol, can serve as substrates for several human liver alco-
hol dehydrogenase isozymes (88). Generation of farnesal in
cells also occurs through the action of prenylcysteine lyase,
which cleaves the thioether bond of the farnesylcysteine or ger-
anylgeranylcysteine moieties derived from isoprenylated pro-
teins, releasing free cysteine/cysteine methyl ester and farnesal
and geranylgeranial (89). Studies utilizing squalene synthase
inhibitors in vivo have revealed that excess FPP is metabolized
to farnesoic acid and FOH-derived dicarboxylic acids in the
liver and excreted in the urine (90,91). In insects the initial
steps in the synthesis of JH III involve sequential oxidation of
FOH to farnesal and then to farnesoic acid (92).

Quantification of nonsterol isoprenoids has proven chal-
lenging; however, some preliminary reports have estimated
their concentrations. Under normal conditions, the concentration
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of FOH in rat liver cells is ~0.1 µg/g wet weight (~0.45 nmol/g)
(93). This level increased 10-fold after treatment of rats with a
squalene synthase inhibitor (93). Unexpectedly, treatment with
lovastatin, an HMGR inhibitor, did not lower FOH levels (93).
The presence of FOH concentrations in the range of 0.1–0.8
nmol/g wet weight in mouse, rat, and human brains has been
demonstrated (94). Dog and human plasma levels of FPP have
been estimated to be in the range of 5–7 ng/mL (~15 nM),
whereas FOH levels were below the detection limit of 0.5
ng/mL (~2 nM) (95). Levels of IPP and FPP in rat and mouse
liver have been measured as 0.36–1.27 nmol/g wet tissue (96).
Although a diet supplemented with cholesterol led to a de-
crease in both IPP and FPP, fasting resulted in lowered IPP, but
not FPP, levels (96). In aggregate, these data support the likeli-
hood for strict maintenance of FPP levels, presumably because
of the centralized location of FPP in the isoprenoid pathway
(Fig. 1).

Some evidence suggests an interaction between FPP deriva-
tives and the cytochrome P450 system. Raner et al. (97) re-
ported that FOH inhibits rabbit liver microsomal P450 2E1 ac-
tivity and suggested that FOH might serve as a substrate for
other P450 isozymes. In insects, epoxidation of methyl farne-
soate, a step in the biosynthesis of JH, is linked to cytochrome
P450 activity (98). Specifically, cytochrome P450 6A1 has
been shown to epoxidize methyl farnesoate, JH I, JH III, and
farnesal, but not FOH or farnesoic acid (99). In addition, P450
proteins related to CYP4 are linked to ω-hydroxylation of far-
nesol, JH III, and other JH-like sesquiterpenoids (100). 

Regulation of HMGR. HMGR has been the focus of re-
search for more than four decades since the synthesis of meval-
onate was found to be the rate-limiting step in the isoprenoid
biosynthetic pathway (101,102). An early observation was the
marked upregulation of HMGR protein following treatment of
cells with inhibitors of HMGR (103). Since inhibition of
mevalonate synthesis leads to the depletion of both sterol and
nonsterol species, it was possible that either one was responsi-
ble for the autoregulation. In fact, both sterols and nonsterols
have been shown to regulate the expression of HMGR through
distinct mechanisms. Furthermore, this regulation is multifaceted
and involves transcriptional, translational, and posttranslational
elements.

The transcriptional regulation of HMGR is mediated through
sterol regulatory element-binding proteins. Activation of tran-
scription from sterol response elements found in the promoters
of target genes occurs in serum-deprived states, whereas the
presence of sterols represses transcription. The genes of many of
the enzymes in the cholesterol biosynthetic pathway are regu-
lated in this manner including HMG-CoA synthase, IPP isom-
erase, FPP synthase, GGPP synthase, and squalene synthase
(104).

Sterols also have been shown to regulate HMGR posttran-
scriptionally. The sterol 24(S), 25-oxidolanosterol downregu-
lates the synthesis of HMGR protein independent of any tran-
scriptional effects (105). In mutant Chinese hamster fibroblasts
that lack sterol-dependent repression of gene transcription,
treatment with an HMGR inhibitor results in a sevenfold de-

crease in the rate of degradation of HMGR (106). The addition
of sterols (25-hydroxysterol and cholesterol) reverses this ef-
fect, indicating that the sterols regulate HMGR posttranslation-
ally by accelerating the rate of protein degradation (106).

The first evidence to suggest that sterols are not the only reg-
ulatory species was obtained through experiments with HMGR
inhibitor-treated cells. In these cells it was observed that,
whereas addition of exogenous mevalonate could reverse the
upregulation of HMGR, addition of exogenous sterols was only
partially effective (107–109). This suggested that nonsterol
species might also regulate the expression of HMGR. Subse-
quent studies, which employed inhibitors of more distal steps
in the isoprenoid pathway or FPP analogs, revealed that the reg-
ulatory nonsterol species was derived from FPP (108,110–112).
In vivo experiments in rats showed that treatment with high lev-
els of FOH did not alter HMGR activity, protein level, or half-
life (93). The conclusion drawn by the authors of that study was
that FOH is not the key regulatory species and that the responsi-
ble nonsterol lies beyond FPP (93). This interpretation requires
that HMGR expression not already be maximally inhibited by
endogenous FOH levels. There has been some controversy over
whether FOH or FPP is responsible for regulating HMGR.
Evidence for a direct role by FOH was suggested through stud-
ies in CHO cells utilizing an FPP analog that inhibits FPP. The
analog prevented the mevalonate-dependent, sterol-induced
degradation of HMGR, and this effect was reversed by the ad-
dition of exogenous FOH (77). Studies in yeast have supported
a more direct role for FPP, as a mutant strain lacking the farnesyl
pyrophosphatases LPP1 and DPP1 displayed similar responses
to FPP as wild-type strains in regulating HMGR degradation
(113). Recent studies examining the ubiquitin-mediated degra-
dation of HMGR demonstrated enhanced degradation of
HMGR by addition of GGOH (Scheme 1), but not FOH, and
only in the presence of sterols (114). HMGR also has been re-
ported to be regulated by the monoterpenes. Plant-derived
limonene, perillyl alcohol, and geraniol have been shown to
downregulate HMGR protein synthesis, and geraniol also de-
creases HMGR mRNA levels in hamster kidney cells (115).

Nonsterol-mediated regulation of HMGR also has been
demonstrated in insects. Although insects lack squalene syn-
thase and thus sterol synthesis, they produce a diverse array of
hemiterpenoids, monoterpenoids, and sesquiterpenoids, which
serve as pheromones, as well as ubiquinones and dolichols
(116). In the pine bark beetle, the production of the sesquiter-
penoid JH III is stimulated following feeding. This in turn leads
to de novo synthesis of monoterpenoid pheromones (117). The
increased activity of the isoprenoid pathway coincides with the
upregulation of expression of the HMGR gene induced by JH
III (118). The precise mechanism by which JH III induces an
increase in HMGR mRNA levels has not yet been described.

The regulation of HMGR in plants appears to be even more
complex than in animals. There are multiple genes that encode
HMGR in higher plants, and these genes have different expres-
sion patterns depending on the stimulus (119). HMGR activity
in plants varies during development, in response to red light, and
with exposure to pathogens (119). There is increasing evidence
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for both sterol- and non-sterol-mediated regulation as well. In
tobacco cells, inhibition of squalene synthase or squalene epoxi-
dase resulted in an increase in HMGR activity level (120). In the
case of squalene synthase inhibition, the authors demonstrated
an increase in HMGR mRNA levels (120). In contrast to studies
performed in animal cells, treatment of tobacco cells with FOH
stimulated HMGR activity (121). The increase in activity corre-
lated with an increase in steady-state HMGR mRNA levels
(121).

Regulation of Ras-related protein expression. With the ex-
ception of RhoB, little work has been done with regard to the
transcriptional and posttranscriptional regulatory determinants
of Ras and Ras-related proteins. The extent to which these pro-
teins are regulated by their isoprenylation status or by specific
isoprenoid species has only recently been elucidated. The dis-
covery of the HMGR inhibitors (122) enabled understanding
of the importance of the roles of isoprene moieties in posttrans-
lational modification of many signaling proteins. HMGR in-
hibitors, through their ability to deplete cells of the mevalonate-
derived products FPP and GGPP (Fig. 1), have long been
known to result in the inhibition of isoprenylation (123,124).
An observation made nearly 10 yr ago was that treatment of
cells with lovastatin, an HMGR inhibitor, in addition to inhibit-
ing Ras farnesylation, appeared to increase the total amount of
Ras protein (59). More recently, studies have demonstrated that
mevalonate depletion results in the upregulation of Ras and the
Ras-related proteins Rap1a, RhoA, and RhoB through multiple
mechanisms including modulation at the transcriptional, trans-
lational, and posttranslational levels (125). Inhibition of
HMGR also has been shown to upregulate expression of Rab5
and Rab7 (126). Interestingly, in yeast, mevalonate depletion
leads to a decrease in Ras1p and Ras2p levels (127).

The observed upregulation of the Ras-related proteins in re-
sponse to mevalonate depletion in mammalian cells could be a
result of global inhibition of isoprenylation or of depletion of
key regulatory isoprenoid species. That the upregulation was
not due to inhibition of isoprenylation was shown in experi-
ments utilizing specific inhibitors of the isoprenyl transferases
(128). Furthermore, studies using intermediates of the iso-
prenoid pathway as well as inhibitors of enzymes in the path-
way demonstrated that the nonsterol species FPP and GGPP
were the critical regulatory isoprenoids (128). The use of
analogs of FPP and GGPP allowed identification of compounds
that have activity as either functional antagonists or agonists
with respect to the endogenous isoprenoid pyrophosphates and
suggested the existence of specific isoprenoid binding factors
that are involved in the regulation of Ras-related protein ex-
pression (129).

Interaction with transcription factors. FOH, along with JH
III, has been shown to modulate the activity of the farnesoid X
receptor (FXR), a transcription factor (130). Subsequent stud-
ies have suggested that bile acids may be the physiological ac-
tivators of FXR and that FXR represses the transcription of the
gene encoding the rate-limiting enzyme in bile acid synthesis
(cholesterol 7α-hydroxylase) as well as activates a gene encod-
ing a bile acid transporter (131–133). Both FOH and JH induce

differentiation in epidermal keratinocytes through activation of
the related transcription factor peroxisome proliferator-acti-
vated receptor (PPARα) (134). Treatment with FOH increased
PPARα mRNA levels and the activity of a PPAR response ele-
ment (134). Direct binding of FOH or JH to FXR or PPARα
has not been demonstrated. However, the structurally related
retinoids all-trans retinoic acid and 9-cis retinoic acid are well-
known for their ability to modulate gene expression through
direct interaction with the retinoic acid receptor (RAR) and
retinoid X receptor (RXR) transcription factors (135). Further-
more, methoprene, methoprene acid, and hydroprene acid, all
analogs of JH, activate RXR in insect and mammalian cell sys-
tems, and methoprene acid has been shown to directly bind
RXR (136). GGPP has recently been shown to decrease the ex-
pression of the ATP-binding cassette transporter A1 (137). This
effect appears to be due to the ability of GGPP to act as an an-
tagonist of LXR by reducing the interaction of liver X receptor
(LXR) with its nuclear coactivator (137).

Apoptotic effects. FOH (10–80 µM) has been reported to in-
hibit cell proliferation and induce apoptosis in a wide variety
of cells including human leukemia cell lines (138–140), human
lung cancer cells (141), human pancreatic tumor cells (142),
Saccharomyces cerevisiae (143), and tobacco cells (121). Ini-
tial work suggested that FOH decreases cholinephosphotrans-
ferase (CPT) activity and therefore inhibits PC synthesis (144).
Miquel et al. (141) demonstrated that both FOH and GGOH
are competitive inhibitors of CPT with respect to DAG. Induc-
tion of apoptosis by FOH or GGOH could be prevented by
treatment with either DAG or PC (141). The assertion that the
ability of FOH to induce apoptosis is a consequence of inhibi-
tion of CPT has been questioned. Overexpression of human
choline/ethanolamine-phosphotransferase 1, a ubiquitous CPT,
reverses FOH-induced inhibition of PC synthesis but does not
rescue cells from FOH-induced apoptosis (145). Furthermore,
use of a mixed-micelle assay demonstrated that FOH does not
directly inhibit CPT (145). The mixed-micelle assay system
solubilizes the membrane containing the enzyme such that
adding exogenous lipids will not disrupt the physical proper-
ties of the membrane (145). Wright et al. (145) also showed
that whereas exogenous DAG does prevent FOH-induced
apoptosis, it does not restore PC synthesis; thus, FOH-induced
apoptosis may be due to inhibition of a DAG-mediated process
that is distinct from PC synthesis. Of note is the finding that
FOH causes inactivation of protein kinase C (PKC), an enzyme
activated by DAG, by causing translocation of PKC from the
membrane to the cytosol (146).

In yeast, a connection between FOH and generation of reac-
tive oxygen species (ROS) has been made. Studies performed
in S. cerevisiae demonstrated that treatment of cells with FOH,
but not geraniol (GOH), GGOH, or squalene, leads to an in-
crease in ROS production (143). Investigations into the under-
lying mechanism revealed that FOH does not inhibit reactions
catalyzed by NADPH oxidase, succinate oxidase, or cytochrome
c oxidase (143). Subsequently, FOH was shown to promote hy-
perpolarization of the mitochondrial transmembrane potential
mediated by the proton pump F0F1-ATPase (147). Interestingly,

298 REVIEW

Lipids, Vol. 39, no. 4 (2004)



12,13-dehydrogeranylgeraniol, isolated from the aquatic plant
Saururus cernuus, has been found to scavenge ROS in HL-60
cells (148). 

FOH and calcium channels. FOH, but not GOH or GGOH,
can prevent norepinephrine-induced vasoconstriction of vascu-
lar smooth muscle cells (149). This effect appears to be due to
the ability of FOH to inhibit calcium channels reversibly (150).
Micromolar concentrations of FOH have been shown to block
high-voltage activated calcium channels rather nonspecifically
(94). In contrast, FOH at submicromolar concentrations is a se-
lective, high-affinity inhibitor of N-type calcium channels (94).
These studies suggest that FOH serves as an endogenous high-
affinity ligand of N-type calcium channels and thus participates
in the regulation of vascular tone.

FPP derivatives and Candida. There is increasing evidence
for the role of FPP metabolites in regulating Candida albicans
growth. This dimorphic fungus is capable of switching between
a budding yeast form and an invasive filamentous form. Re-
cently, Oh et al. (151) identified farnesoic acid as the autoregu-
latory substance that is excreted by C. albicans during the fila-
mentous-to-budding yeast transition. Addition of purified far-
nesoic acid (3.12 µg/mL) led to the inhibition of the
yeast-to-hypha transition and inhibited filamentous cell growth
but not yeast cell growth (151). Subsequently, FOH was found
to be an even more potent inhibitor of the yeast-to-hypha tran-
sition (152). The effect of FOH was less selective than farne-
soic acid, as FOH was also shown to inhibit yeast cell growth
at higher concentrations (152). Shortly thereafter, Hornby et al.
(153) identified FOH as the extracellular quorum-sensing mol-
ecule that controls the inoculum size effect, and thus the transi-
tion from mycelia to budding yeast, in C. albicans. Studies
using radiolabeled FPP demonstrated that C. albicans cell ho-
mogenate can convert FPP to FOH (154). FOH also inhibits C.
albicans biofilm formation at high concentrations and alters the
composition of the biofilms at lower concentrations (155).
Treatment of C. albicans cultures with zaragozic acid, a squa-
lene synthase inhibitor, was shown to lead to an increase in in-
tracellular and extracellular FOH levels (154). An intriguing
hypothesis is that the antifungal activity of zaragozic acid and
other compounds that are used to block ergosterol synthesis
(e.g., azoles) is due in part to the accumulation of FOH and sub-
sequent inhibition of the yeast-to-hypha transition (154).

GGPP DERIVATIVES

Over 1,000 diterpenes have been identified, predominantly
through isolation from plants, although insects and mammals
can also produce some diterpenes (41). Although the function
of the majority of the diterpenes is not known, a wide variety
of activities have been described including antibacterial (156),
antifungal (157), antiparasitic (158), 15-lipoxygenase inhibi-
tion (159), insect antifeedant (160), antihyperglycemic (161),
and antitumor (162), just to name a few. A detailed discussion
of these diterpenes is outside the scope of this review. Here we
focus on GGPP and several of its acyclic derivatives. A discus-
sion of the regulatory properties of GGPP with respect to
HMGR and Ras-related proteins can be found above.

Interconversion of GGPP and its metabolites. As with FPP
and FOH, there is evidence for interconversion between GGPP
and GGOH. Enzyme activity controlling conversion of GGPP
to GGOH (geranylgeranyl pyrophosphatase) has been de-
scribed in rat liver microsomes (76). Evidence that GGOH may
be phosphorylated to GGPP comes from studies demonstrating
that radiolabeled GGOH can become incorporated into iso-
prenylated proteins (79). Interestingly, in one report, radioac-
tivity from C1-labeled GGOH was also found in cholesterol
fractions; however the mechanism by which this occurs is un-
known (163). GGOH kinase and geranylgeranyl monophos-
phate kinase activities have been found in tobacco microsomes
and in the archaebacterium Sulfolobus acidocaldarius (84,164).
Estimates of levels of GGPP and GGOH in tissues have yet to
be reported. Excess levels of GGOH, like FOH, are likely to be
oxidized, as studies using radiolabeled GGOH or geranylgera-
nial in rat thymocytes found incorporation of the radiolabel into
geranylgeranoic acid and 2,3-dihydrogeranylgeranoic acid
(165). Interestingly, geranylgeranoic acid has been shown to
inhibit osteoclast formation in vitro and to increase bone min-
eral density in vivo (166). Studies using radiolabeled geranyl-
geranylacetone (GGA) have shown that the radiolabel becomes
incorporated into nonessential amino acids and FA, suggesting
that metabolism of GGA can occur (167). Further studies
demonstrated that metabolism of GGA involves ω-oxidation
followed by β-oxidation steps (168). Similar studies have yet
to be performed with GGPP or GGOH.

Apoptotic effects. GGOH, at concentrations ranging from
20 to 80 µM, has been found to induce apoptosis in a variety of
cell lines including human leukemia (169), lung cancer (141),
and hepatoma (170). Geranylgeranoic acid also has been found
to induce apoptosis in human hepatoma and prostate cancer
lines (171,172). Although, as mentioned earlier, it has been
suggested that GGOH, like FOH, is a competitive inhibitor of
CPT (141), the precise mechanism by which GGOH induces
apoptosis is not known. GGOH-induced apoptosis in HL-60
cells has been associated with a preceding decrease in expres-
sion of calreticulin, a calcium-binding protein (173). GGOH,
but not geraniol or GGA, also has been shown to induce acti-
vation of caspase-3 and c-Jun N-terminal kinase (174,175). The
induction of apoptosis in a human hepatoma line by 4,5-dide-
hydrogeranylgeranoic acid is associated with downregulation
of transforming growth factor α expression (176).

Antiulcer activities. GGA was first developed in Japan,
where it was found to have antiulcer activity in rats (177) and
is now used clinically in Asia as a gastric cytoprotective agent
(teprenone). A number of effects have been reported, includ-
ing stimulation of mucus production by gastric epithelium
(178), suppression of Helicobacter pylori-induced inter-
leukin-8 production (179), suppression of spontaneous apop-
tosis of gastric pit cells (180), and induction of expression of
heat shock proteins in gastric mucosa (181). Heat shock pro-
teins belong to a highly conserved family that mediates cellu-
lar response to acute stress. GGA also has been shown to in-
duce expression of heat shock proteins in the liver, small in-
testine, heart, kidney, lung, and brain (182,183) and is being
investigated as a potential therapeutic intervention in glaucoma
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(184) and in ischemia-reperfusion injury in the liver and heart
(185,186).

Plaunotol (Scheme 1), a product of a Thai plant called
“plau-noi” (Croton sublyratus) has also been used as an antiul-
cer agent. Plaunotol has antibacterial activity against H. pylori,
a causative agent for gastritis and gastric ulcers (156). In addi-
tion, administration of plaunotol decreases the number of H.
pylori in the stomachs of mice with gastritis (156). This bacte-
ricidal effect is believed to be due to the ability of plaunotol to
interact with the H. pylori cell membrane and consequently
alter the membrane fluidity, leading to lysis of the bacteria
(187). A number of other gastric-protective effects have been
reported including stimulation of prostaglandin synthesis (188),
increased secretin release (189), suppressed superoxide pro-
duction (190), and inhibition of neutrophil activation (191).

DISPOSITION AND DEGRADATION
OF ISOPRENOIDS

Isoprenoids account for a significant fraction of the non-
methane carbon pool. Worldwide, trees are estimated to emit
terpenes at a rate of 4.8 × 1014 g/yr (192). Acyclic isoprenoid
species (≤20 carbons) are a common component of marine sed-
iments (193). For many years it has been recognized that
branched alkanes are more resistant to biodegradation than are
linear alkanes (194). In fact, it is for this reason that isoprenoids
such as phytane and pristine have been used as biomarkers for
petroleum contamination (195). It is becoming increasingly
clear, however, that biotransformation of isoprenoids does take
place. In many cases, denitrifying bacteria have been identified
as organisms capable of anaerobically degrading a diverse
array of isoprenoids, including monoterpenes, squalene, phy-
tol, and cholesterol (193,196–198). The denitrifying bacteria
have the enzymes necessary to catalyze alternating β-decar-
boxymethylation and β-oxidation reaction sequences, thereby
avoiding the problem of β-methyl-branched blockages associ-
ated with molecular oxygen-mediated reactions (193). Aerobic
biodegradation of monoterpenes and squalene has also been re-
ported (197,199). Alcanivorax has been found to degrade pris-
tane and phytane readily, thus allowing it to flourish in oil-con-
taminated seawater (200). Several actinomycetes are capable
of utilizing either natural or synthetic rubber as their sole car-
bon source, indicating that extremely long-chain isoprenoids
are also biodegraded (201).

PHARMACOLOGICAL MANIPULATION

Statins. In 1976 the first HMGR inhibitor, mevastatin (com-
pactin), was isolated from a culture of Penicillium citrinum by
Endo et al. (122). During that same year, researchers at
Beecham Laboratories isolated mevastatin from P. brevecom-
pactum (202). Mevastatin was found to be a potent inhibitor of
HMGR in vitro (203), to inhibit cholesterol synthesis in tissue
culture cells (204,205), and to reduce plasma cholesterol levels
in dogs (206), monkeys (207), and humans (208) following
chronic administration. In 1980 lovastatin (mevinolin)

(Scheme 1) was isolated from a strain of Aspergillus terreus
(209). Subsequently, HMGR inhibitors have been isolated from
Pleurotus, Monascus, Paecilomyces, Trichoderma, Scopulari-
opsis, and Doratomyces fungal genera as well as several yeast
including C. cariosilignicola and Pichia labacensis (210–213).

Lovastatin is even more potent than mevastatin with a Ki of
0.6 nM (compared with 1.4 nM for mevastatin) (209). Treatment
of dogs for 3 wk with lovastatin resulted in a 30% lowering of
plasma cholesterol. Since then, a number of derivatives of lova-
statin have been investigated and used clinically. HMGR in-
hibitors (“statins”), used in the treatment of hypercholes-
terolemia, are now some of the most widely prescribed drugs in
the United States (~11 million patients) (214). In addition, there
has been increasing interest in the use of statins in other clinical
settings because of the influence of statins on a variety of physi-
ological and pathophysiological processes including anticancer
activity (215), Alzheimer’s disease (216), osteoporosis (217),
acute coronary syndrome (218), pro- and antiangiogenic activi-
ties (219), cardiac hypertrophy (220), immunomodulatory ef-
fects (221), endothelial function (222), coagulation (223), and
thrombosis (224). The molecular mechanisms underlying these
effects have yet to be fully elucidated.

Lovastatin and mevastatin are synthesized via polyketide
pathways. Polyketides encompass a large group of structurally
diverse molecules that are secondary metabolites produced by
bacteria, fungi, and plants. Examples of polyketides include ra-
pamycin, erythromycin A, aflatoxin B1, and amphotericin B
(225). In the case of compactin, a biosynthetic gene cluster in
P. citrinum that includes genes encoding polyketide synthases,
enzymes responsible for postpolyketide modification, and reg-
ulators of polyketide synthesis, has been identified (226). Inter-
estingly, two genes have been identified that may play roles in
conferring resistance to compactin. One encodes a protein with
significant homology to HMGR, whereas the other appears to
be an efflux pump (226). A similar mechanism of self-resis-
tance is found in A. terreus where the lvrA gene encodes a pro-
tein related to HMGR (227). The factors influencing produc-
tion of lovastatin or mevastatin are not well understood. Stud-
ies of A. terreus grown in chemically defined media indicate
that lovastatin synthesis is initiated after glucose exhaustion
and after lactose consumption had ceased (228). The authors of
this study concluded that synthesis of lovastatin is elicited
under starvation conditions (228). However, Shindia (229) re-
ported that the production of lovastatin by A. terreus was high-
est when glucose was used as the sole carbon source.

The nature of the advantage for producing HMGR inhibitors
is unclear, although it could be hypothesized that the statins ei-
ther enhance the growth of the fungi that produce them or inhibit
the growth of their environmental competitors. Since mevinolin
production reaches its peak only after the dry weight of A. ter-
reus has plateaued, it does not seem likely that mevinolin pro-
vides a growth advantage (213). In addition, whereas A. terreus
grows on all experimental media tested, production of mevinolin
is dependent on the composition of the medium (229). Although
mevastatin was initially detected by its antifungal activity (202),
the magnitude of this effect is not published. Only four out of
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over 300 strains of yeast were found to be growth-inhibited by
compactin analogs (230). Since bacteria predominantly utilize
the mevalonate-independent pathway, they are not likely to be
affected by HMGR inhibitors. Finally, it has been suggested that
lovastatin may serve as an herbicide, because treatment of radish
seedlings resulted in inhibition of root elongation growth (231)
and inhibited the growth of seedlings and cell cultures of
Solanum xanthocarpum (232). However, the applicability of
these findings to other plants is unknown. Thus, the reason for
HMGR inhibitor production by fungi remains to be determined.

Bisphosphonates. Recently, bisphosphonates, a class of
drugs used to inhibit bone resorption in a variety of diseases,
including osteoporosis, tumor-associated bone disease, and
Paget’s disease, were shown to target FPP synthase (233–235).
Aminobisphosphonates (e.g., pamidronate, zoledronic acid),
but not bisphosphonates lacking nitrogen (e.g., clodronate), in-
hibit the mevalonate pathway and prevent both farnesylation
and geranylgeranylation of small GTPases (236–238). It has
been suggested that the loss of activity of geranylgeranylated
proteins, such as cdc42, Rac, and Rho in osteoclasts, is directly
related to the antiresorptive effects, because restoration of ger-
anylgeranylation blocks the effects of the aminobisphospho-
nates on osteoclasts (237,239,240). The bisphosphonates may
have additional therapeutic uses: It was recently demonstrated
that alendronate inhibits the invasion of both prostate and
breast cancer cells (241). This effect appears to be related to
the inhibition of the isoprenoid pathway. In addition to inhibit-
ing FPP synthase, several of the bisphosphonates also have
been reported to inhibit GGPP synthase, although much less
effectively (242). Selective GGPP synthase inhibitors have not
yet been identified but are of interest because of their potential
to affect a more specific population of isoprenoid products.

CLINICAL CORRELATIONS

Although a number of genetic disorders associated with iso-
prenoid biosynthesis have been identified, the great majority
involve enzymes necessary for sterol synthesis. HMGR knock-
out mice are embryonic lethal (243), and there have not been
any reported cases of FPP or GGPP synthase deficiency. How-
ever, two disorders, mevalonic aciduria (MA) and hyper-IgD
and periodic fever syndrome (HIDS) are caused by deficient
MK activity. Although initially identified as two different auto-
somal recessive disorders, genetic analysis has revealed that
the two diseases represent the same disorder with differing de-
grees of severity. MA, first identified in 1985 (244), is charac-
terized by severe developmental delay, hepatosplenomegaly,
lymphadenopathy, anemia, cataracts, malabsorption, and dys-
morphic features (245). These patients often die during infancy.
HIDS, first identified in 1984 (246), is a less severe disease and
involves recurrent fever episodes. These episodes, lasting 3–7
d and occurring every 2–6 wk, are associated with lym-
phadenopathy, abdominal pain, diarrhea, headache, arthralgias,
and hepatosplenomegaly (245). Patients with MA also experi-
ence recurrent fever episodes (245).

Many mutations in the MK gene, including missense, non-

sense, and insertions, have been identified as disease-causing
(247–251). The most common mutation in HIDS is V377I, and
most patients are compound heterozygotes (252). When MK
proteins with these mutations are expressed in Escherichia coli,
they are found to have markedly decreased enzymatic activity
(247,250,251). MK enzyme activity cannot be detected in the
fibroblasts of MA patients, but in HIDS patients, activity levels
of 1–7% of the control can be found in fibroblasts and leuko-
cytes (248,249,253). With regard to the V377I mutation, al-
though the mutant protein has enzymatic activity when ex-
pressed in E. coli, protein levels in patients fibroblasts are very
low (248). Further studies have shown temperature-dependent
instability of the mutant protein, indicating that the V377I mu-
tation alters MK protein folding (254).

The effect of deficient MK activity on the rest of the iso-
prenoid biosynthetic pathway has been examined. Despite the
nondetectable MK activity in MA fibroblasts, studies have
shown that these cells can synthesize cholesterol from radiola-
beled acetate (255,256). In addition, near-normal plasma levels
of cholesterol have been found in MA patients (253). Synthe-
sis of ubiquinone-10 in these patients appears to be decreased
as does N-glycosylated products (253,257,258). Evidence for
increased HMGR and LDL receptor pathway activity has been
demonstrated in fibroblasts (256,258). Initial studies suggest
levels of isoprenylated Ras and RhoA proteins in MA and
HIDS fibroblasts are similar to those in control fibroblasts
under control conditions (259). However, there appears to be
increased sensitivity to simvastatin such that accumulation of
cytosolic Ras and RhoA occurs at lower concentrations of the
HMGR inhibitor in the patient cells than in the control cells,
consistent with the reduced ability of these cells to synthesize
FPP and GGPP (259). The use of lovastatin in two patients with
MA has provided additional insight into the pathophysiology
of this disease. Lovastatin was given with the idea that a de-
crease in the concentration of mevalonate might improve the
clinical picture in two patients with MA. However, treatment
with lovastatin had to be discontinued because the two children
became more ill with fever, acute myopathic changes, worsen-
ing ataxia, and diarrhea (253). In aggregate, these studies sug-
gest that excessive levels of mevalonate may not be the cause
of the clinical phenotype and that high HMGR activity and
mevalonate levels are required for these cells to maintain non-
sterol synthesis. Furthermore, Houten et al. (254) have raised
the hypothesis that fever episodes in HIDS occur as a result of
impairment in the residual activity of MK (e.g., through
changes in temperature secondary to infection or exercise) with
a subsequent decrease in the production of nonsterols that play
roles in modulating inflammation. A greater understanding of
these roles may yield novel treatment strategies.

SUMMARY

Isoprenoids represent a large number and variety of natural
products. Recognition of the significance of these compounds
as mediators of biological processes is far from complete.
Whereas the sequential condensations of isoprene units beyond
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IPP are relatively simple reactions, the products derived from
GPP, FPP, and GGPP are a consequence of complex and di-
verse chemistry. Although there is a significant body of knowl-
edge related to FPP, GGPP, and their respective alcohols, there
is obviously much more to be learned as evidenced by recent
findings of their novel regulatory functions. Better understand-
ing of isoprenoids will undoubtedly lead to the development of
new pharmaceutics, herbicides, and insecticides as well as
novel approaches to the management of petroleum-related en-
vironmental contamination.
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ABSTRACT: The oil from castor seed (Ricinus communis) con-
tains 90% ricinoleate, a hydroxy FA that is used in producing nu-
merous industrial products. Castor diacylglycerol acyltransferase
(RcDGAT) is a critical enzyme, as it catalyzes the terminal step in
castor oil biosynthesis in which the products contain two or three
ricinoleoyl moieties. We have isolated a cDNA encoding
RcDGAT from developing castor seeds. Analysis of the sequence
reveals that this cDNA encodes a protein of 521 amino acids with
a molecular mass of 59.9 kDa. Although there are regions of high
similarity to other plant DGAT coding sequences, there are se-
quences that distinguish it as well. Southern blot analysis suggests
that the castor genome contains a single copy of RcDGAT. Analy-
sis by reverse transcription-PCR reveals that the accumulation of
the mRNA reaches its highest level at 19 d after pollination and
declines thereafter. Expression of the full-length cDNA for
RcDGAT in the yeast Saccharomyces cerevisiae, strain INVSc1
results in sevenfold higher DGAT activity compared with con-
trols. When different molecular species of DAG were provided as
substrates to the microsomal mixture, the RcDGAT showed a
greater preference to catalyze the transfer of oleate from
[14C]oleoyl-CoA to diricinolein than to diolein and dipalmitolein.
With the addition of 0.25 mM substrates, diricinolein gave 318
pmol/mg/min diricinoleoyloleoylglycerol (RRO), while diolein
and dipalmitolein gave only about 195 pmol/mg/min of triolein
(OOO) and 120 pmol/mg/min dipalmitoyleoylglycerol (PoPoO),
respectively. This work will facilitate investigation of the role of
RcDGAT in castor oil biosynthesis.
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In some plants, the principal seed storage material is TAG, lo-
cated in oil bodies of seeds. Acyl CoA:diacylglycerol acyl-
transferase (DGAT), a transmembrane enzyme that catalyzes
the final step in the Kennedy pathway for TAG biosynthesis
(1), has been proposed to be the rate-limiting enzyme in plant
storage lipid accumulation (2,3). Because of its role in TAG
biosynthesis, DGAT is implicated in diverse cellular processes
(4–6). An Arabidopsis mutant deficient in DGAT activity re-
sulted in a reduced TAG content, delayed seed development,
and altered seed FA composition (7), whereas overexpression
of DGAT in Arabidopsis seeds enhanced oil deposition and
seed weight (8). Genes encoding DGAT from several plant

species have been cloned and characterized (9–11). The DGAT
of any particular crop may have structural features that enable
them to efficiently acylate with the FA that predominate in that
crop. Acylation activity in microsomes from Ricinus commu-
nis endosperm clearly demonstrated a preference for inserting
ricinoleate into TAG (12), but the same substrate was not effi-
ciently used by other plant species. Lin et al. (13) also have
demonstrated that castor endosperm microsomes have a strong
preference for incorporating ricinoleate into TAG in compari-
son with oleate and other FA. 

Ricinoleic acid is a hydroxy FA that constitutes 90% of the
FA in castor oil. This unusual FA is used in making lubricants
for heavy equipment and is also for coatings, paints, plastics, an-
tifungal compounds, shampoo, thermopolymers, and cosmetics
(14). However, production of castor is seriously hindered by the
presence of the toxic protein ricin and of allergenic 2S albumins.
One approach used to overcome these obstacles has been to pro-
duce ricinoleate in plants lacking these noxious components. Ex-
pression of a cDNA encoding fatty acyl hydroxylase (FAH), an
enzyme catalyzing the hydroxylation of oleate to ricinoleate in
castor, resulted in the accumulation of low levels of hydroxy FA
in tobacco and Arabidopsis (15,16). These results suggest that
the FAH gene itself is not sufficient to produce the high level of
ricinoleate that is characteristic of castor. 

The metabolic pathway of castor oil biosynthesis has been
elucidated (17), and enzymatic steps that appear critical to high
ricinoleate content have been identified (18). Discovery and
characterization of genes provide an unparalleled method for
gaining insight into the molecular basis of any biological
process. In plant lipid metabolism, isolated genes have been
used directly to manipulate plant lipid biosynthesis for the pur-
pose of altering FA composition (19). Application of additional
genes involved in castor oil biosynthesis underlies future
progress in developing crops containing high levels of hydrox-
ylated FA. In this study, we report the identification of a cDNA
encoding castor diacylglycerol acyltransferase (RcDGAT), one
of the key enzymes involved in castor oil biosynthesis (18), and
demonstrate that the expression of RcDGAT in yeast cells con-
fers high levels of membrane-associated DGAT activity. We
also provide information for the specificity of RcDGAT for
DAG substrates. 

EXPERIMENTAL PROCEDURES

Cloning of RcDGAT cDNA. A 378 base pair (bp) fragment of
RcDGAT cDNA was amplified from RNA samples extracted
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from castor seeds by reverse transcription (RT)-PCR using
degenerate primers: 5′-GCKCCMACAYTRTGTTAT-3′ and
5′-CCAYTTRTGAACAGGCATATTCCA-3′. These two
primers were designed based on the highly conserved amino
acid sequence regions, APTLCY and WNMPVHKW, of
DGAT. The sequence information obtained from the 378 bp
cDNA fragment was then used to generate gene-specific
primers for 3′- and 5′-RACE (rapid amplification of cDNA
ends) (20). By using the known sequence information ob-
tained from 3′- and 5′-RACE, primers were designed for end-
to-end amplification of the complete gene from the RACE-
ready cDNA template following the manufacturer’s instruc-
tion (Invitrogen, Carlsbad, CA). The full-length cDNA was
completely sequenced in both directions using ABI PRISM
Big Dye Terminators v3.0 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA). Sequence alignment and simi-
larity among species were determined using the Clustal W pro-
gram available at http://pbil.ibcp.fr/NPSA/npsa_prosite.html.
The protein motifs were identified using ScanProsite at
http://www.expasy.ch/tools/scnpsit1.html. 

Southern blot analysis. Castor genomic DNA was isolated
from leaves using the CTAB (N-cetyl-N,N,N-trimethylammo-
nium bromide) procedure (21). Southern analysis was carried
out according to the digoxigenin (DIG) application manual for
hybridization of DNA probes to a Southern blot (Roche, Indi-
anapolis, IN). DNA samples (3 µg) were separated on a 1%
Tris-acetate agarose gel, then transferred to a positively charged
nylon membrane (Roche). The filter was hybridized to a DIG-
labeled DNA probe amplified from RcDGAT cDNA by PCR
using primers, 5′-AAGACCCCATGGCGATTCT GAAACG-
CCAGAA-3′ (HE-15F) and 5′-CTGGAGCTTCAGAACC-
CTCTCAA-3′ (HE-6R).

RNA extraction and RT-PCR. RNA samples were extracted
from castor seeds at different development stages using the
method of Gu et al. (22). RT-PCR was carried out using the
Gibco BRL SuperScript First-Strand Synthesis System for RT-
PCR (Grand Island, NY). Briefly, 5 µg of total RNA was used
to synthesize the first-strand cDNA using oligo(dT) primers,
then 10% of the first-strand cDNA was used to amplify the tar-
get cDNA, RcDGAT, FAH, and actin, using gene-specific
primers. The primers for RcDGAT gene were HE-15F and HE-
6R. The primers for the FAH gene were 5′-CGCCGCACAC-
GAAGCCTCCT-3′ and 5′-AGGCTACATGACACTTTTT-
TAATACTTGTTCCGG-3′. The primers for the actin gene
were 5′-AGGGGATAACCACCCCATGAATCCA-3′ and 5′-
TGCATGGTCTCCTGATACGGCCAAG-3′. PCR was per-
formed for 30 cycles with an annealing temperature of 65°C.
One-tenth of the PCR product was analyzed on 1% agarose gel. 

Expression of RcDGAT in yeast cells. The RcDGAT coding
region was subcloned into a pYES2.1/V5-His-TOPO vector
(Invitrogen) and transformed into Saccharomyces cerevisiae
strain INVSc1 according to the manufacturer’s instruction (In-
vitrogen). The primers used were 5′-GACCATGGGGAT-
TCTCGAAACGCCAGAAAC-3′ and 5′- GTTCCCATCGC-
GATTCATTAGGTC-3′. To ensure that the insertion contained
a yeast consensus sequence for initiation of translation, (G/A)N-

NATGG, the second amino acid codon was changed from acg
(threonine) to ggg (glycine). The translation stop site (5′-TGA-
3′) was removed to fuse RcDGAT in frame with the V5 epitope
and polyhistidine tag for detection and purification of the pro-
tein. The expression of proteins in yeast cells was carried out
according to manufacturer’s instructions. Briefly, a single
colony containing the pYES2.1/V5-His/RcDGAT or pYES2.1/
V5-His/LacZ construct was inoculated into medium containing
2% glucose and grown overnight at 30°C with shaking. Galac-
tose (2%) was added to the medium to induce expression of the
recombinant proteins from the GAL1 promoter. Cells were har-
vested at 14 h after induction, and the cell pellets were stored
at −80°C until ready to use. 

Western blot analysis. Microsomal samples (30 µg of total
protein) from RcDGAT- or LacZ-transformed yeast were sepa-
rated by SDS-PAGE and electrotransferred onto PVDF mem-
branes. The membranes were incubated with the anti-V5 anti-
bodies (Invitrogen) at 1:5000 dilution and horseradish peroxi-
dase-conjugated goat-anti-mouse secondary antibodies (Roche)
at 1:1000 dilution. Horseradish peroxidase activity was visual-
ized by chemiluminescence using the ECL kit (Amersham, Ar-
lington Heights, IL).

Assay for DGAT activity. Microsomes were isolated from
harvested yeast cells as described by Urban et al. (23) and re-
suspended in 0.1 M Tris-HCl, pH 7.0, containing 20% glycerol
(5 mg protein/mL) and kept frozen at −80°C. Protein concen-
tration was determined using a bicinchoninic acid protein assay
kit (Pierce, Rockford, IL). DGAT assays were performed as in
Cases et al. (24) with small modifications. [14C]Oleoyl-CoA
was synthesized according to McKeon et al. (25). The reaction
mixture (100 µL) consisted of 0.1 M Tris-HCl, pH 7.0, con-
taining 20% glycerol, microsomes (100 µg of protein), and
[14C]oleoyl-CoA (20 µM, 200,000 cpm) and was incubated for
15 min at 30°C. In assays for substrate specificity of RcDGAT,
different molecular species of DAG dissolved in 5 µL of
methanol were added to the above reaction mixture (concen-
tration from 0 to 1.0 mM). 1,2-Diolein and 1,2-dipalmitolein
were purchased from Larodan Fine Chemicals AB (Malmo,
Sweden); 1,2-diricinolein was prepared in our laboratory (26).
The reactions were stopped and lipids were extracted using
chloroform/methanol as previously described (27). Different
molecular species of TAG products were separated from FFA
using C18 HPLC (25 × 0.46 cm, 5 µm, Ultrasphere C18; Beck-
man Instruments Inc., Fullerton, CA) (28). DGAT activity
(pmol TAG formed/mg protein/min) was determined based on
the [14C]-label incorporated into the TAG products from
[14C]oleoyl-CoA. 

RESULTS AND DISCUSSION

Cloning of a cDNA encoding DGAT from R. communis. Con-
served regions of DGAT were identified by sequence alignment
of deduced amino acid sequences from different organisms,
and degenerate primers were generated based on correspond-
ing DNA sequences of these conserved regions. By using de-
generate primers, a DNA fragment of 378 bp was amplified
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FIG. 1. Alignments of deduced amino acid sequences of diacylglycerol acyltransferases
(DGAT). Alignments were generated by using the Clustal W program in GCG output format
freely available at http://pbil.ibcp.fr/NPSA/npsa_prosite.html. The GeneBank accession num-
bers for the listing DGAT are: AtDGAT from Arabidopsis thaliana, AF 051849; BnDGAT from
Brassica napus, AF 164434; NtDGAT from Nicotiana tobacum, AF 129003; RcDGAT from
Ricinus communis, AY366496; TmDGAT from Tropaeolum majus, AY 084052. The identical
residues among the five proteins are in bold and the transmembrane segments are boxed. N-
Glycosylation sites are highlighted. The binding-protein-dependent transport systems’ inner
membrane component signature is shaded in gray. The potential protein kinase phosphoryla-
tion sites are as follows: (i) cAMP- and cGMP-dependent protein kinase phosphorylation site,
amino acid residues 27–30; 28–31; (ii) protein kinase C phosphorylation site, amino acid
residues 24–26, 73–75, 85–87, 112–114, 165–167, 168–170, 283–285; (iii) casein kinase II
phosphorylation site, amino acid residues 2–5, 30–33, 43–46, 85–88, 112–115, 168–171,
236–239, 254–257, 274–277, 403–406; (iv) tyrosine kinase phosphorylation site, amino acid
residues 388–395.



from castor seeds by RT-PCR and sequenced. Based on the se-
quence information, gene-specific primers for 3′- and 5′-RACE
were designed, yielding a full-length cDNA. Sequence analy-
sis indicates that the castor DGAT cDNA is 2067 bp long with
266 bp 5′- and 235 bp 3′-end untranslated regions (GenBank
accession number AY366496). This cDNA is predicted to en-
code a protein of 521 amino acids with a molecular mass of
59.9 kDa. The deduced amino acid sequence of RcDGAT
shares 65–67% identity with other cloned plant DGAT. When
all five DGAT are aligned, their identity reaches 50.18%, with
the most conserved regions in the C terminus (63.27% identity
within 422 amino acids), whereas the first 119 N-terminal
amino acid residues share only 5.88% identity (Fig. 1). 

Identification of putative functional motifs in RcDGAT.
Searches of the protein databases indicate that the predicted
RcDGAT protein has an isoelectric point of 8.39 (predicted by
Protparam at http://www.expasy.ch) and thus is positively
charged at neutral pH. The deduced amino acid sequence of
RcDGAT contains three potential N-linked glycosylation sites
(N-X-S/T), which are also present in the TmDGAT and Nt-
DGAT, but not in the AtDGAT and BnDGAT (Fig. 1). Since
the RcDGAT protein expressed in yeast cells matches the pre-
dicted molecular size (see later Functional expression section)
and treatment with glycosidase had no effect on electrophoretic
migration (data not shown), it appears that RcDGAT is not gly-
cosylated. In addition, RcDGAT contains a unique site, that is,
the binding-protein-dependent transport system’s inner mem-
brane component signature, residing in residues 219–247 (Fig.
1). The significance of the presence of this signature in vivo is
unknown. In bacteria, such sites often interact with a binding
protein, allowing transmembrane transport (29). We speculate
that this site in RcDGAT would interact with the acyl-CoA sub-
strates bound to acyl-CoA binding proteins. The most notable
structures that RcDGAT shares in common with other plant
DGAT cloned to date are the multiple transmembrane domains
in the C terminal conserved regions (Fig. 1), consistent with an
integral membrane enzyme. 

RcDGAT is a single-copy gene in the castor plant. To deter-
mine the copy number of RcDGAT gene in castor plants, we
performed Southern blot analysis of genomic DNA under high-
stringency hybridization conditions. The results from the re-
striction enzyme digestion patterns of HindIII, SmaI, XhoI, and
PvuII suggest that RcDGAT is a single-copy gene in castor. A
single band was detected with restriction enzymes HindIII,
SmaI and XhoI, and two bands were detected with PvuII owing
to the presence of an internal cutting site (Fig. 2). However,
two bands were detected with PstI, although there is no cutting
site in the cDNA sequence (Fig. 2). This may be due to the
presence of a PstI site in intron regions. Six randomly selected
RcDGAT cDNA were sequenced and found to be identical,
supporting that RcDGAT may be a single-copy gene in the cas-
tor genome.

Expression of RcDGAT mRNA during seed development. For
the purpose of monitoring the gene expression pattern of
RcDGAT, an equal amount of total RNA from each time point
was used, and RT-PCR reactions were performed. It is well-

known that actin is a plant housekeeping gene and its expression
level correlates well with total RNA during different develop-
ment stages. The results from actin RT-PCR (Fig. 3) suggest that
the efficiencies of RT-PCR among samples are uniform in this
system. The results in Figure 3 reveal that the accumulation pat-
terns of RcDGAT and FAH mRNA are very different, although
both of them encode enzymes for castor oil biosynthesis. The
amount of RcDGAT mRNA is maximal at an early stage of seed
development [19 d after pollination (DAP)], and declined there-
after, whereas the FAH mRNA was maximal at a later stage (33
DAP) of seed development and continued until 47 DAP. Ample
evidence indicates that genes involved in storage product syn-
thesis are concomitantly expressed, and it has been reported that
the in vitro activities of DGAT peak during the active period of
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FIG. 2. DNA gel blot analysis of castor genomic DNA. Castor genomic
DNA (3 µg/lane) was digested with the indicated restriction enzymes,
and the DNA blot was hybridized to a dioxigenin-labeled DGAT cDNA
probe. For other abbreviation see Figure 1.

FIG. 3. Expression patterns of FAH, RcDGAT, and actin genes in castor
plants. Shown is an agarose gel of reverse transcription-PCR products.
RNA samples were extracted from castor seeds at different development
stages including 12, 19, 26, 33, 40, and 47 d after pollination (DAP).
Five micrograms of total RNA was used from each time course to syn-
thesize the first-strand cDNA using oligo(dT) primers, then 10% of the
first-strand cDNA was used to amplify target genes using gene-specific
primers. One-tenth of the PCR product was analyzed on a 1% agarose
gel. FAH, fatty acyl hydroxylase; RcDGAT, diacylglycerol transferase
from Ricinus communis.



TAG accumulation (around 30 DAP) (30–32). Thus, the mRNA
for RcDGAT may encode a stable protein and, accordingly, its
level would not correlate with RcDGAT protein level and en-
zyme activity, or the enzyme activity may be posttranscription-
ally controlled. Indeed, there are multiple potential phosphoryla-
tion sites based on functional motifs and critical amino acid
residues in the deduced amino acid sequence of RcDGAT (see
Fig. 1 legend). Enzyme activity could be regulated by some spe-
cific protein kinases. As well, a second DGAT may exist and play
a role in oil formation at later stages of seed formation. Alterna-
tively, RcDGAT may be involved in some other processes in the
early stages of seed development. In mammalian systems,
DGAT can remove DAG, a signaling molecule in the phospholi-

pase C-inositol phospholipid cascade by converting it to TAG
(33). It is possible that DGAT in plants serves additional roles
beyond oil biosynthesis and that the expression pattern of
RcDGAT could reflect one such role. We also detected RcDGAT
mRNA in vegetative tissues such as roots, stems, cotyledons, and
true leaves (data not shown); the importance of RcDGAT in these
tissues is unknown. 

Functional expression of RcDGAT in yeast. To determine
whether the cloned RcDGAT cDNA codes for an active DGAT,
we cloned RcDGAT cDNA into the pYES2.1/V5-His-TOPO
vector and transformed it into yeast S. cerevisiae, INVSc-1
strain. Microsomes were extracted from cells after 14 h induc-
tion with 2% galactose, and DGAT activity was determined by
measuring the incorporation of [14C]oleoyl-CoA into TAG. As
negative controls, DGAT activities in cells with pYES2.1/V5-
His/RcDGAT grown under the repression (2% glucose) condi-
tion and with pYES2.1/V5-His/LacZ grown under the induction
(2% galactose) condition were measured. Figures 4A and 4B
show the separation of the molecular species of [14C]TAG ex-
tracted from yeast microsomal incubation on C18 HPLC. The
five [14C] peaks labeled were identified by matching the reten-
tion times of the TAG identified previously (34) based on FA
compositions of the yeast microsomes examined by GC analy-
ses of FAME (data not shown). The major molecular species
of TAG predicted in the yeast cells are PoPoPo, PoPoO, PoOO,
PoPO, OOO, PPO, and SOO (Po- palmitoleate, P- palmitate,
O- oleate, S- stearate). We found that cells expressing RcDGAT
exhibited more than sevenfold higher DGAT activity than the
controls (Fig. 4C). Wild-type yeast cells had low DGAT activ-
ity in our system (Figs. 4A, 4C). Bouvier-Nave et al. (10)
observed that expression of the Arabidopsis DGAT in yeast re-
sulted in the formation of a floating layer on top of the 100,000
× g supernatant during the preparation of microsomes that dis-
played extremely high DGAT activity. We also observed a thin
floating layer on top of the 100,000 × g supernatant during the
RcDGAT-transformed yeast microsomal isolation that exhib-
ited some DGAT activity, but the activity was much lower than
that of the microsomal fraction. 

Cells transformed with the plasmid carrying RcDGAT
cDNA expressed a ~65 kDa protein (V5 epitope and the poly-
histidine tag from the vector add approximately 5 kDa to the
size of the protein) when induced with 2% galactose, but this
protein was not detected in the same cells grown under 2% glu-
cose (Fig. 5).

Specificity of RcDGAT for molecular species of DAG. We
next examined the effectiveness of RcDGAT on using different
molecular species of DAG for TAG. The substrates 1,2-diolein,
1,2-dipalmitolein, and 1,2-diricinolein were incubated with
yeast microsomes and [14C]oleoyl-CoA. RcDGAT activities
were then determined. The addition of different molecular
species of DAG up to 1 mM to the microsomal mixture had lit-
tle effect on the amount of total TAG formed in the assay.
However, the RcDGAT clearly demonstrated a preference for
diricinoleins. With the addition of 0.25 mM DAG, the amount
of RRO from diricinolein increased 318 pmol/mg/min (Fig.
6A), whereas the amount of OOO from diolein and PoPoO
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FIG. 4. DGAT activities in yeast microsomes. Batches of microsomes
(100 µg of total protein) extracted from yeast cells carrying the indicated
plasmids with or without induction by galactose were incubated with
[14C]oleoyl-CoA in 100 µL of 0.1 M Tris-HCl, pH 7.0 containing 20%
glycerol for 15 min at 30°C. Assays were terminated by addition of
CHCl3/CH3OH (1:2, vol/vol) and lipids were extracted. The C18 HPLC
radiochromatograms show the separation of molecular species of TAG
from incubations of yeast microsomes expressing β-galactosidase (A)
and RcDGAT (B). The molecular species of TAG are given as the abbre-
viations of their FA constituents: Po, palmitoleate; P, palmitate; O,
oleate; and S, stearate. DGAT activities were measured based on the
[14C]label incorporated into the TAG products (C). Values are means of
three replicate experiments with SD. For other abbreviations see Fig-
ures 1 and 3.



from dipalmitolein increased only 34 and 10 pmol/mg/min
compared with that without exogenous DAG (Figs. 6B, 6C).
Although complicated by the presence of endogenous diolein
and dipalmitolein in the yeast cells, the absolute incorporation
of oleate into RRO still was much higher than OOO and PoPoO
(456 vs. 278 and 204 pmol/mg/min, with 1 mM of DAG). We
also measured DGAT activity using microsomes extracted
from yeast cells carrying RcDGAT gene but grown under the
repression condition. The absolute incorporation of [14C]oleate
into RRO was less than 20 pmol/mg/min in the presence of 1
mM diricinolein. This result suggests that the RRO detected in
RcDGAT-containing microsomes was mostly generated by
RcDGAT, instead of yeast endogenous DGAT. Our previous
results from isolated castor microsomes suggest that the final
acylation step in castor oil biosynthesis displays a strong pref-
erence for diricinolein vs. other DAG (13, 35). In future stud-
ies we hope to further elucidate differential interactions result-
ing from DAG and acyl-CoA. 

An important role for DGAT in oil biosynthesis has been es-
tablished by the cloning of DGAT genes from different organ-
isms. However, the gene for DGAT in castor bean has never
been cloned. In this study, we identified a cDNA encoding a
protein that shares high sequence similarity with the acyl-CoA-
dependent DGAT and possesses DGAT activity. This cloned
RcDGAT was found to be a single copy gene, although it is
possible that there exists a second DGAT with different nucleic
acid sequence (36) or an acyl-CoA-independent phospho-
lipid:DGAT gene (37) in the castor genome. Currently, one of
the major issues in plant lipid biochemistry and biotechnology
is the understanding of how plants assemble TAG and, specifi-
cally, how a plant such as castor can accumulate seed oil for

which the FA composition exceeds 90% in a single FA, ricin-
oleate. The cloning of RcDGAT makes it possible to elucidate
the individual role of this particular enzyme in castor oil

316 X. HE ET AL.

Lipids, Vol. 39, no. 4 (2004)

FIG. 5. Western blot of microsomal protein (30 µg/lane) probed with anti-
V5 antibodies. Overnight cultures were harvested at 14 h of growth: lane
1, under repression condition (2% glucose); lanes 2 and 3, under induc-
tion condition (2% galactose). Microsomes were extracted from yeast
cells transformed with RcDGAT (lanes 1 and 2) and LacZ (lane 3).

FIG. 6. Specificity of RcDGAT for molecular species of DAG. Batches
of microsomes (100 µg of total microsomal protein) extracted from yeast
cells expressing RcDGAT were used in the assay. The microsomes were
supplied with diricinolein (A), diolein (B), and dipalmitolein (C) and in-
cubated with [14C]oleoyl-CoA in 100 µL of 0.1 M Tris-HCl, pH 7.0, con-
taining 20% glycerol for 15 min at 30°C. Assays were then terminated
by addition of CHCl3/CH3OH (1:2, vol/vol). DGAT activities were de-
termined based on the 14C-label incorporated into the TAG products.
The abbreviations of TAG are RRO, diricinoleoyloleoylglycerol; OOO,
triolein; PoPoO, dipalmitoyloleoylglycerol. Values are means of three
replicate experiments with SD. 



biosynthesis. Several reports in the literature, all of which used
castor microsomes, describe castor DGAT substrate specificity
(12,13,38). It is difficult to conclude that the substrate speci-
ficity is solely due to a single enzyme in the castor microsomes,
since a number of activities are present that can contribute to
the end product. We investigated the substrate specificity of this
enzyme in a yeast cell system, which has the benefit of low fat
content and biosynthetic capacity. We synthesized the diricin-
olein (26) and purchased the other DAG substrates. By apply-
ing these DAG substrates in the assay, we discovered that the
RcDGAT exhibited much higher activity with diricinolein than
with diolein and dipalmitolein. The information presented here
is important for better understanding of the regulation of triri-
cinolein biosynthesis in castor plants and provides a valuable
means for engineering crops containing high levels of hydrox-
ylated FA. 
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ABSTRACT: Manganese lipoxygenase (Mn-LO) oxygenates
linoleic acid (LA) to a mixture of the hydroperoxides—11(S)-hy-
droperoxy-9Z,12Z-octadecadienoic acid [11(S)-HPODE] and
13(R)-hydroperoxy-9Z,11E-octadecadienoic acid [13(R)-HPODE]—
and also catalyzes the conversion of 11(S)-HPODE to 13(R)-
HPODE via oxygen-centered (LOO•) and carbon-centered (L•)
radicals [Hamberg, M., Su, C., and Oliw, E. (1998) Manganese
Lipoxygenase. Discovery of a Bis-allylic Hydroperoxide as Prod-
uct and Intermediate in a Lipoxygenase Reaction, J. Biol. Chem.
273, 13080–13088]. The aims of the present work were to inves-
tigate whether 11-HPODE can also be produced by iron-depen-
dent lipoxygenases and to determine the enzymatic transforma-
tions of stereoisomers of 11-HPODE by lipoxygenases. Rice leaf
pathogen-inducible lipoxygenase, but not soybean lipoxygenase-1
(sLO-1), generated a low level of 11-HPODE (0.4%) besides its
main hydroperoxide, 13(S)-HPODE, on incubation with LA.
Steric analysis revealed that 11-HPODE was enriched with re-
spect to the R enantiomer [74% 11(R)]. In agreement with previ-
ous results, 11(S)-HPODE incubated with Mn-LO provided 13(R)-
HPODE, and the same conversion also took place with the
methyl ester of 11(S)-HPODE. 11(R,S)-HPODE was metabolized
biphasically in the presence of Mn-LO, i.e., by a rapid phase dur-
ing which the 11(S)-enantiomer was converted into 13(R)-
HPODE and a slow phase during which the 11(R)-enantiomer
was converted into 9(R)-HPODE. sLO-1 catalyzed a slow con-
version of 11(S)-HPODE into a mixture of 13(R)-HPODE (75%),
9(S)-HPODE (10%), and 13(S)-HPODE (10%), whereas 11(R,S)-
HPODE produced a mixture of nearly racemic 13-HPODE
(≈70%) and 9-HPODE (≈30%). The results showed that 11-
HPODE can also be produced by an iron-dependent LO and sug-
gested that the previously established mechanism of isomeriza-
tion of 11(S)-HPODE involving suprafacial migration of O2 is
valid also for the isomerizations of 11(R)-HPODE by Mn-LO and
of 11(S)-HPODE by sLO-1.

Paper no. L9484 in Lipids 39, 319–323 (April 2004).

Widely distributed in plants and mammals, lipoxygenases (LO)
oxygenate PUFA to cis-trans conjugated hydroperoxides (1,2).

Plant and mammalian LO studied so far contain iron and be-
long to the same gene family. These enzymes have important
biological functions. Their products may act as precursors of
biological mediators such as 12-oxophytodienoic acid and jas-
monic acid in plants (3) and leukotrienes in animals (4). LO
also catalyze the transformation of hydroperoxides to epoxy alco-
hols and other products (5), and some enzymes are involved in
the chemical warfare of hosts and pathogens, e.g., the defen-
sive rice leaf pathogen-inducible lipoxygenase (RLI-LO) and
supposedly harmful manganese-LO (Mn-LO) secreted by the
take-all fungus (6,7). The reaction mechanisms of LO have
been investigated thoroughly with soybean LO-1 (sLO-1) as
the prototype enzyme (1).

The take-all fungus, Gaeumannomyces graminis, is a dev-
astating root pathogen of wheat worldwide. Gaeumannomyces
graminis secretes a unique LO, which contains manganese as
the catalytic metal (8). Mn-LO belongs to the LO gene family
(9). Its amino acid sequence can be aligned with 26–27% iden-
tity and 40–46% similarity with mammalian and plant LO, and
site-directed mutagenesis suggests that several metal ligands
are conserved in Mn-LO and other LO (Cristea, M., Engström,
Å, Su, C., Hörnsten, L., and Oliw, E.H., unpublished observa-
tion). The catalytic properties of Mn-LO are similar in many
aspects to those of other LO (8,10,11) . 

The metal center of sLO-1 (and other iron LO) redox cycles
between Fe2+ (inactive state) and Fe3+ (active state), and the
mononuclear metal center of Mn-LO seems to redox-cycle be-
tween Mn2+ and Mn3+ in the same way (1,11,12). The active
states of both enzymes likely contain the catalytic base M3+–OH
(cf. Refs. 13,14), which abstracts stereospecifically a bisallylic
hydrogen from linoleic acid (LA) and forms a carbon-centered
radical, L•. This process involves hydrogen tunneling as judged
by the occurrence of unusually large kinetic isotope effects
(10,15). L• reacts with molecular oxygen and forms a peroxyl
radical (LOO•). Antarafacial oxygen insertion is catalyzed by
sLO-1 and suprafacial oxygen insertion by Mn-LO (1,10). sLO-
1 oxidizes LA to 13(S)-hydroperoxy-9Z,11E-octadecadienoic
acid [13(S)-HPODE], whereas Mn-LO forms 13(R)-hydroper-
oxy-9Z,11E-octadecadienoic acid [13(R)-HPODE]. In addition,
Mn-LO oxygenates LA to ~35% 11(S)-hydroperoxy-9Z,12Z-oc-
tadecadienoic acid [11(S)-HPODE] and also isomerizes this
compound to the end product, 13(R)-HPODE (10,16). 

Hamberg et al. (10) investigated the mechanism of the isom-
erization of 11(S)-HPODE to 13(R)-HPODE by Mn-LO in de-
tail. The results were consistent with hydrogen abstraction from
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11(S)-HPODE, leading to the peroxyl radical, LOO•. Experi-
ments under 18O showed that LOO• was in equilibrium with L•

plus O2, and that molecular oxygen may react with L• either at
C-11 or at C-13. Mn-LO is the only known LO that forms
11(S)-HPODE and can metabolize it further. 

3-D structures are available for sLO-1, sLO-3, and rabbit
reticulocyte arachidonic acid 15-LO (17,18). The substrate FA
align in a relatively narrow substrate channel. The catalytic
sites also can accommodate the formed hydroperoxy FA.
13(S)-HPODE, for example, is formed by sLO-1 and can oxi-
dize other sLO-1 molecules into the active state. It therefore
seemed worth investigating whether 11(S)-HPODE, 11(R)-
HPODE, and their methyl ester derivatives might bind at the
active site of Mn-LO and sLO-1 in the vicinity of the catalytic
metal. If this is the case, hydrogen abstraction by the LO might
lead to formation of LOO• in equilibrium with L• and O2, and
conversion to 13- or 9-HPODE by oxygen rebound at C-13 or
C-9. 

MATERIALS AND METHODS

Materials. LA (99%) and α-linolenic acids (99%) were from
Merck (Darmstadt, Germany). Racemic 9-, 11-, and 13-
HPODE were obtained by vitamin E-controlled autoxidation
of LA essentially as described (19), purified by silicic acid
chromatography (Silicar CC-4; Mallinckrodt Laboratory
Chemicals, Phillipsburg, NJ; eluted with 7 and 25% diethyl
ether in hexane, respectively) and by RP-HPLC, and character-
ized by UV and LC–MS analysis; 13(R)-HPODE, 13(S)-
HPODE, and 9(S)-HPODE were obtained enzymatically by
Mn-LO, sLO-1, and potato 5-LO (Cayman, Ann Arbor, MI) as
described (8,20). Samples of authentic 11(S)- and 11(R,S)-hy-
droxy-9(Z),12(Z)-octadecadienoates were prepared as previ-
ously described (10,21). sLO-1 was from Sigma (Lipoxidase
type IV; Sigma, St. Louis, MO). Recombinant Mn-LO was pre-
pared by expression in Pichia pastoris (Cristea, M., Engström,
Å, Su, C., Hörnsten, L., and Oliw, E.H., unpublished data) and
purified by hydrophobic interaction chromatography as de-
scribed (8). Recombinant (RLI-LO) (6) was expressed in Es-
cherichia coli as previously described (22). 

Spectroscopy. Light absorption was measured with a dual
beam spectrophotometer (Shimadzu UV-2101PC). The cis-
trans conjugated hydro(pero)xy FA were assumed to have a
molar extinction coefficient of 25,000. 

Isomerization of 11-HPODE. Mn-LO and sLO-1 with sub-
strates (added in ethanol, final concentration ~1%) were as-
sayed in 0.1 M sodium borate buffer (pH 9.0) under ambient
atmosphere at 23°C. sLO-1 was used at a concentration of
36,000 units (0.25 mg) per mL, and recombinant Mn-LO in a
concentration of 2–3 µg per mL. The reaction was terminated
by addition of 1 vol of water containing ~10 mg NaBH4/mL
(prepared fresh), and placed on ice for 15 min, diluted with 0.1
M potassium phosphate buffer (pH 7.0), extracted on cartridge
with octadecyl silica (SepPak/C18; Waters, Milford, MA),
methylated with diazomethane as required, and analyzed by
HPLC.

HPLC analysis. 9-, 11-, and 13-HPODE were purified by RP-
HPLC (octadecyl silica, 5-µm; 200 × 8 mm) using methanol/
water/acetic acid, 80:20:0.01, and detected by UV absorbance at
235 and 210 nm (19). Fractions with 11-HPODE were diluted
with water and extracted on a cartridge of octadecyl silica (Sep-
Pak/C18). Separation of methyl 13- and 9-hydroxylinoleates was
performed by straight phase-HPLC (SP-HPLC; Nucleosil 50-5,
250 × 4.6 mm; eluted with 2 mL/min) or by chiral phase-HPLC
(CP-HPLC; (R)-(−)-N-3,5-dinitrobenzoyl-α-phenylglycine, 250
× 4.1 mm; eluted with 0.8 mL/min) with 0.5% isopropanol in
hexane (vol/vol) as eluent (23). To confirm the order of elution of
stereoisomers, mixtures of methyl 13- and 9-HODE were added
to the samples. The HPLC system consisted of a diode array de-
tector (Waters 996 PDA) and pump (CM-4000; Milton Roy, Oak-
lands Park, Berkshire, United Kingdom). For LC-MS analysis, the
column contained octadecyl silica (5-µm, 250 × 2 mm; Kromasil
5 C18 100 Å; Phenomenex, Macclesfield, United Kingdom) and it
was eluted with methanol/water/acetic acid, 80:20:0.01, at 0.4
mL/min (SpectraSystem P2000 pump; Spectra Physics, San Jose,
CA), and the products were analyzed as acids. The effluent was
subject to electrospray ionization in an ion trap mass spectrometer
(LCQ; ThermoFinnigan, San Jose, CA) as described (16).

Biosynthesis of 11-HPODE by RLI-LO. RLI-LO was incu-
bated for 20 min with linoleic acid (400 µM) at 23°C in potas-
sium phosphate buffer pH 6.7 under oxygen gas. Material ex-
tracted with diethyl ether was analyzed by RP-HPLC using a
solvent system of acetonitrile/water/acetic acid (60:40:0.02, by
vol). Methods for structure determination (10) and steric analy-
sis of partially hydrogenated material (24) were as indicated. 

RESULTS

Generation of 11-HPODE in RLI-LO-catalyzed oxygenation.
Analysis by RP-HPLC of products generated from linoleic acid
upon incubation with RLI-LO demonstrated a main compound
(>95%; effluent volume, 16.8 mL) as well as a less abundant
compound (0.4%; effluent volume, 13.9 mL). The first-men-
tioned material was identified as 13(S)-HPODE, in agreement
with previous work (22). The identity of the latter material with
11-HPODE was suggested by the appearance of strong UV ab-
sorptions at λmax 259, 268, and 279 upon treatment with per-
chloric acid. This spectrum was indicative of a conjugated
triene structure, which is produced from 11-HPODE upon acid-
ification. Further structural support came from analysis of the
NaBH4-reduced material, which behaved identically with au-
thentic 11-hydroxy-9(Z),12(Z)-octadecadienoic acid on analy-
sis by GLC [equivalent chain length (C-value) 19.41 (8)] and
GC–MS [mass spectrum showing prominent ions at m/z 382
(38%, M+), 311 (32%, M+ − C5H11), 253 (9%), and 225 (44%,
[CH=CH–CH(OSiMe3)–CH=CH–C5H11]+)]. Steric analysis of
the reduced and partially hydrogenated hydroperoxide identi-
fied 2-hydroxynonanoic acid (73% R) as well as 2-hydroxydo-
decane-1,12-dioic acid (75% S). Based on these results, the
minor hydroperoxide generated from linoleic acid in the pres-
ence of RLI-LO was identified as 11-hydroperoxy-9(Z),12(Z)-
octadecadienoic acid [74% 11(R)].
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Search for 11-HPODE in soybean lipoxygenase-catalyzed
oxygenation. Linoleic acid (1.1 M; 5 mg) was stirred for 15 min
at 0°C under O2 with 5,000–25,000 units of sLO-1. Analysis of
the products by RP-HPLC showed the presence of 13-HPODE
(>95%). 11-HPODE or 11-HODE could not be detected.

Isomerization of 11-HPODE by Mn-LO. As previously re-
ported, 11(S)-HPODE was efficiently isomerized to 13(R)-
HPODE at 30% of the rate of oxygenation of linoleic acid to
13(R)-HPODE (kcat = 9 and 26 s−1, respectively) (10,11). With
the exception of 11(S)-HPODE, the substrates discussed below
were metabolized much less efficiently by Mn-LO (presum-
ably due to high Km and low Vmax values). 

UV analysis showed that 11(R,S)-HPODE was swiftly
transformed by Mn-LO to 13(R)-HPODE as the main product
within 6–7 min (Fig. 1A). This occurred with a kinetic lag time
(insert in Fig. 1A). The biosynthesis of cis-trans-conjugated
products reached its maximal rate after a few minutes during
which the concentration of cis-trans-conjugated products in-
creased 12 µM min−1. The biosynthesis then declined, but it
did not cease completely. The 11(R) stereoisomer was appar-
ently also transformed to a cis-trans conjugated chromophore,
as judged from the steady increase in concentration of cis-
trans-conjugated products (0.2 µM min−1) for up to 1 h. After
reduction with NaBH4, this metabolite was identified by UV
analysis, LC–MS, SP-HPLC, and CP-HPLC as 9(R)-HPODE.
LC–MS analysis after reduction with NaBH4 showed that only
a fraction of the 11-HODE remained (Fig. 1B). MS/MS analy-
sis (m/z 295 → full scan) of the major product showed strong
signals, inter alia, at m/z 277 (A− − 18, loss of water; relative
intensity 100%), m/z 252 (A− − 44, loss of CO2; 10%), and
characteristic ions of 13-HODE [m/z 195, loss of O=CH–

(CH2)4CH3; 70%] and 9-HODE [m/z 171, loss of O=CH–
(CH=CH)2–(CH2)4CH3; 60%]. The 9-HPODE/13-HODE
ratios increased from 0.07 after 6 min incubation to 0.3 after
45 min as judged by SP-HPLC analysis. CP-HPLC showed that
the 9R stereoisomer was mainly formed (Fig. 1C).

The low conversion of 11(R)-HPODE was not due to prod-
uct inhibition by 13(R)-HPODE. 11-HPODE enriched in 11(R)-
HPODE was obtained by treatment of 11(R,S)-HPODE with
Mn-LO as in Figure 1A. The reaction was stopped after 10 min.
The remaining 11-HPODE was purified by RP-HPLC, and it
was only slowly oxidized by Mn-LO. 

Mn-LO does not metabolize methyl linoleate; however, the
methyl ester of 11(S)-HPODE was partly converted to cis-trans-
conjugated chromophores, and biosynthesis ceased when only a
fraction of the substrate was converted (data not shown). CP-
HPLC analysis showed that the main metabolite of 11(S)-
HPODE methyl ester was 13(R)-HPODE methyl ester. In addi-
tion, small amounts of 13(S)-HPODE methyl ester [~5% of
13(R)-HPODE methyl ester] and 9(S)-HPODE methyl ester
[~5% of 13(R)-HPODE] were detected along with traces of 9(R)-
HPODE methyl ester [about 1% of 13(R)-HPODE]. The steric
analysis of the 9-HPODE metabolites is shown in Figure 1C. The
low accumulation of 9(R)-HPODE suggested that the isomeriza-
tion was mainly enzymatic, and not due to nonenzymatic break-
down of 11(S)-HPODE. The products were analyzed without
methylation, and formation of metabolites due to incomplete
methylation of 11(S)-HPODE could also be excluded.

The methyl ester of 11(R)-HPODE was not isomerized to
methyl 9(R)-HPODE or other products to any significant extent,
as the CP-HPLC analysis yielded the same amounts of metabo-
lites from methyl 11(S)-HPODE as from methyl 11(R,S)-HPODE. 
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FIG. 1. Isomerization of 11(R,S)-HPODE by Mn-LO to 13(R)-HPODE and 9(R)-HPODE. (A) Time curve for formation of UV-absorbing material at
235 nm from an incubation of 11(R,S)-HPODE with Mn-LO. The insert shows the kinetic time lag during the first minutes, as highlighted by the
dotted line. (B) Reconstructed ion chromatogram (m/z 295) from LC-MS analysis of products with the molecular mass of the singly charged car-
boxylate anion of HODE. The metabolites were identified by MS/MS analysis (m/z 295 → full scan) as indicated in the chromatogram (13- and 9-
HODE co-elute on RP-HPLC). (C) Steric analysis of 9-HPODE by chiral phase-HPLC after NaBH4 reduction and methylation. Top, products formed
from 11(R,S)-HPODE; bottom, products formed from methyl 11(R,S )-HPODE. HPODE, hydroperoxyoctadecadienoic acid; Mn-LO, manganese
lipoxygenase; HODE, hydroxyoctadecadienoic acid; MS/MS, tandem MS.



We conclude that 11(R)-HPODE is slowly converted to
9(R)-HPODE, and that methyl 11(S)-HPODE can be isomer-
ized to methyl 13(R)-HPODE, but both transformations occur
much less efficiently than the isomerization of 11(S)-HPODE
to 13(R)-HPODE. 

Isomerization of 11-HPODE by sLO-1. 11(S)-HPODE is a
poor substrate of sLO-1, as previously reported (10). Long in-
cubation times and large amounts of sLO were needed to iden-
tify the products, which accumulated only slowly (Fig. 2A).
11(S)-HPODE was isomerized to 13(R)-HPODE as the main
product (Fig. 2B), but significant amounts of 13(S)-HPODE
and 9(S)-HPODE [about 15% of 13(R)-HPODE each] were
also formed along with 9(R)-HPODE [5% of 13(R)-HPODE].
The 9(S)-HPODE/13(R)-HPODE ratio was 0.15. 

Methyl 11(S)-HPODE was metabolized more efficiently by
sLO-1 than 11(S)-HPODE (Fig. 2A). The two main products
were methyl 13(R)-HPODE (62%) and 9(S)-HPODE (38%),
but there was a relatively large formation of 13(S)-HPODE
[about 30% of 13(R)-HPODE] and 9(R)-HPODE (about 30%
of 9S). 

11(R,S)-HPODE was slowly isomerized to cis-trans conju-
gated products by sLO-1 as shown in Figure 3A. The main
product was 13(R,S)-HPODE (Fig. 3B), but an almost racemic
mixture of 9(R)- and 9(S)-HPODE was also formed (30%).
This suggested that the main product of 11(R)-HPODE was
13(S)-HPODE, as the main product of 11(S)-HPODE was
13(R)-HPODE. As regards 11(R,S)-HPODE methyl ester, it
was also converted to 13(S)-HPODE and 13(R)-HPODE as
main products (in a 2:3 ratio) and to 9(R,S)-HPODE. 

In conclusion, 11(S)-HPODE was isomerized to 13(R)-
HPODE as the main product by sLO-1, and the isomerization
of 11(R,S)-HPODE suggested that 11(R)-HPODE was con-
verted to 13(S)-HPODE. 

DISCUSSION

The reaction mechanism of LO has been studied in consider-
able detail (1). Only Mn-LO can oxidize linoleic acid to 11(S)-
HPODE as a major product as far as is known, but the present
work shows that RLI-LO also can form 11-HPODE [74%
11(R)], albeit as a very minor enzymatic product. The isomeri-
zation of 11-HPODE and its methyl esters by Mn-LO and sLO-
1 to other hydroperoxylinoleates has not been investigated pre-
viously. This is likely due to difficulties in preparing 11-
HPODE. Our study was made possible by Brash (19), who
reported that 11(R,S)-HPODE was formed in small amounts
(~5%) relative to 13- and 9-HPODE during vitamin E-con-
trolled autoxidation of linoleic acid, and by the biosynthesis of
11(S)-HPODE by Mn-LO (10). 

The positional specificity of Mn-LO was investigated with
11(R,S)-HPODE as a substrate. As expected, the 11(S) stereoiso-
mer was converted to 13(R)-HPODE. In addition, 9(R)-
HPODE was identified. Since the hydroperoxydiene moieties
of the 9(R)- and (13R)-hydroperoxides are spatially identical
when the molecules are arranged head to tail in opposite orien-
tations, this suggests that 11(S)-HPODE and 11(R)-HPODE
aligned in opposite orientations at the active site. The results
also suggest that 11(R)-HPODE is transformed to a peroxyl
radical, LOO•, in equilibrium with L• and O2. Oxygen rebound
is then likely controlled by steric factors and the orientation of
L•. The free carboxyl group of 11(S)-HPODE was not ab-
solutely required, as methyl 11(S)-HPODE could be trans-
formed into methyl 13(R)-HPODE in detectable amounts.
Methyl 11(R)-HPODE, however, did not appear to be a sub-
strate. 

The isomerization of 11-HPODE by sLO-1 occurred with
less regio- and stereospecificity in comparison with Mn-LO.
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FIG. 2. Isomerization of 11(S )-HPODE by sLO-1 to 13(R)-HPODE,
13(S)-HPODE and 9(S)-HPODE. (A) Increase in UV absorbance at 235
nm during incubation of sLO-1 with 11(S)-HPODE (trace a, and
restarted for an additional 30 min, trace b, dotted line) and methyl 11(S)-
HPODE (trace c). (B) Chiral analysis of the metabolites of 11(S )-HPODE
after NaBH4 reduction and methylation. sLO-1, soybean lipoxygenase-
1; for other abbreviations see Figure 1.

FIG. 3. Isomerization of 11(R,S)-HPODE by sLO-1. (A) Increase in UV
absorbance at 235 nm during incubation of sLO-1 with 11(R,S)-HPODE.
(B) Separation of the two formed 13-HPODE stereoisomers by CP-
HPLC. 9-HPODE was also formed in a nearly racemic mixture (data not
shown). CP-HPLC, chiral phase HPL; for other abbreviations see Fig-
ures 1 and 2.



Mn-LO and sLO-1 both abstract the pro-S hydrogen at C-11
and form L•, but L• reacts with oxygen at C-13 so that 13(R)-
HPODE is formed by Mn-LO and 13(S)-HPODE by LO-1
(10). It seemed likely that sLO-1 should isomerize 11(R)-
HPODE to 13(S)-HPODE as a major product, as both hy-
droperoxide groups can be visualized as formed by oxygen in-
sertion from the one side of a plane containing the two double
bonds of linoleic acid and C-11 with the pro-R hydrogen. This
also appeared to be the case, as 11(S)-HPODE was transformed
to 13(R)-HPODE as the main product, whereas 11(R)-HPODE
appeared to be transformed to 13(S)-HPODE. In addition,
11(S)- and methyl 11(S)-HPODE were transformed to 9(S)- as
well as 13(R)-HPODE; these show that the stereospecificity is
reduced. Clearly, L• formed by sLO-1-catalyzed oxidation of
linoleic acid and by the sLO-1-catalyzed isomerization reac-
tion of 11-HPODE align differently in the active site of sLO-1,
as judged from the products formed.

A detailed analysis of the isomerization of 11-HPODE by
sLO-1 will need optimization of substrate and enzyme concen-
trations and other reaction conditions based on Vmax, Km, ki-
netic lag phase, the oxidation state of sLO-1 by EPR spec-
troscopy, and experiments under oxygen-18. These studies
were far beyond the scope of our investigation and will require
large amounts of 11(R,S)-HPODE and 11(S)-HPODE. It is also
possible that other LO may handle 11-HPODE more efficiently
than sLO-1 and can be a better tool for these studies. 

In conclusion, sLO-1 can metabolize 11-HPODE only slowly
with some degree of stereo- and regiospecificity, whereas Mn-
LO can isomerize 11(R)-HPODE to 9(R)-HPODE. 11-HPODE
is also formed by RLI-LO in small amounts. A postulated inter-
mediate in these transformations and in the oxidation of linoleic
acid is the carbon-centered radical, L•. This radical likely adopts
different conformations in the active site depending on its route
of biosynthesis, as judged from the products formed by Mn-LO,
sLO-1 and RLI-LO.
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ABSTRACT: If an increased consumption of α-linolenic acid
(ALA) is to be promoted in parallel with that of n-3 long-chain-
rich food, it is necessary to consider to what extent dietary ALA
can be absorbed, transported, stored, and converted into long-
chain derivatives. We investigated these processes in male ham-
sters, over a broad range of supply as linseed oil (0.37, 3.5, 6.9,
and 14.6% energy). Linoleic acid (LA) was kept constant (8.5%
energy), and the LA/ALA ratio was varied from 22.5 to 0.6. The
apparent absorption of individual FA was very high (>96%), and
that of ALA remained almost maximum even at the largest supply
(99.5%). The capacity for ALA transport and storage had no limi-
tation over the chosen range of dietary intake. Indeed, ALA in-
take was significantly correlated with ALA level not only in cho-
lesteryl esters (from 0.3 to 9.7% of total FA) but also in plasma
phospholipids and red blood cells (RBC), which makes blood
components extremely reliable as biomarkers of ALA consump-
tion. Similarly, ALA storage in adipose tissue increased from 0.85
to 14% of total FA and was highly correlated with ALA intake. As
for bioconversion, dietary ALA failed to increase 22:6n-3, de-
creased 20:4n-6, and efficiently increased 20:5n-3 (EPA) in RBC
and cardiomyocytes. EPA accumulation did not tend to plateau,
in accordance with identical activities of ∆5- and ∆6-desaturases
in all groups. Dietary supply of ALA was therefore a very efficient
means of improving the 20:4n-6 to 20:5n-3 balance.

Paper no. L9432 in Lipids 39, 325–334 (April 2004).

n-3 PUFA play multiple roles in growth and development (1),
in the modulation of inflammatory and immune processes (2),
and in the prevention of diseases, particularly of cardiovascu-
lar diseases (3–5). Among n-3 PUFA, the precursor α-linolenic
acid (ALA, 18:3n-3) must be distinguished from its main long-
chain (LC) derivatives, such as EPA (20:5n-3) and DHA
(22:6n-3). Indeed, only the precursor ALA is strictly essential,
since it cannot be synthesized and must be provided by the diet.
ALA is found in all plants but is especially abundant in seeds,
nuts, and beans such as linseed, perilla, and, to a lesser extent,
rapeseed, walnuts, and soybeans. By contrast, LC-PUFA are

not only of dietary origin (fish essentially) but can also be
formed in vivo alternately by desaturation and elongation of
ALA. According to nutritional enquiries, ALA is the main di-
etary n-3 PUFA in individuals on a typical Western diet (6);
thus, it may represent a major contributor to the long-term
maintenance of the n-3 LC-PUFA supply to the body. 

When compared with the recommendations of the most re-
cent guidelines (7,8), the dietary intake of n-3 PUFA, ALA as
well as EPA and DHA, is very insufficient in many Western
countries (9–11). In U.S. adolescents, the total intake of n-3
PUFA represents only 30% of the recommended daily al-
lowance (10). Similarly, in France women consume less than
half of the French recommended intake of ALA (9). In light of
this difficulty in reaching these dietary recommendations, it
seems to be beneficial to promote consumption of all sources
of n-3 PUFA, including vegetable oils rich in ALA. 

Seminal studies on the dose–effect of dietary ALA were
performed by Holman and colleagues on rats made PUFA defi-
cient and then fed low levels of ALA (12,13). However, very
little is known about the ability of the body to absorb, store,
and convert large amounts of ALA. If the dietary intake of
ALA is to be promoted, it is necessary to consider a possible
limitation of these biological processes. Indeed, some of the
most recent human studies suggest that increasing ALA intake
results (i) in a decrease of its conversion, due presumably to
accumulation of its LC products, and (ii) in an increased parti-
tioning of ALA toward oxidation to the detriment of conver-
sion (14). Furthermore, not only dietary ALA but also linoleic
acid (18:2n-6, LA) have to be taken into account, since ALA
conversion would be efficient only when the dietary supply of
LA is low (15). Nevertheless, most studies modify both ALA
and LA dietary content to attain a broad range of LA/ALA ra-
tios, which blurs the specific effects of ALA.

The purpose of this study was therefore to investigate the
dose–response effects of dietary ALA, provided as linseed oil,
over a broad range of ALA intakes while keeping the LA in-
takes constant, and thus varying dramatically the LA/ALA ra-
tios. We chose the hamster as a validated model for assessing
the effects of dietary fats on lipid metabolism (16–18), and the
following tissues and compartments as valuable indicators of
the bioavailability of n-3 PUFA: feces for intestinal absorption;
plasma cholesteryl esters (CE) and epididymal adipose tissue
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(EAT) for ALA transport and storage, respectively; and plasma
phospholipids (PL) on the one hand, and red blood cell (RBC)
membranes and heart PL on the other hand, for the transport
and storage of LC derivatives, respectively. The primary end
point was to determine whether there was a biological limita-
tion to the processes of absorption, transport, and storage of di-
etary ALA and to the synthesis, transport, and storage of its LC
derivatives. A secondary aim was to assess the value of some
blood lipids, in plasma or RBC, as biomarkers of ALA intake
and bioconversion. 

MATERIALS AND METHODS

Animals. Twenty-four male golden Syrian hamsters were ob-
tained from Janvier (Centre d’élevage Janvier, Le Genest-St
Isle, France) at 4 wk of age. They were housed in colony cages
with wood litter (6/cage) in a controlled environment (22°C,
14:10 h light/dark cycle) and received ad libitum distilled water
and a ground commercial diet (containing, by weight, 72.0%
cereals, 17.8% soy meal, 6.0% fish meal, 4.2% vitamin and
mineral mix; and providing 5.1% lipids and 19.3% proteins)
(UAR113, Villemoisson, France). At 8 wk of age, the hamsters
were housed in colony cages with wire floors, weighed weekly,
and fed experimental diets. The present work was carried out
in agreement with the French legislation on animal experimen-
tation and with the authorization of the French Ministry of
Agriculture (Animal Health and Protection Directorate).

Diets. The four experimental diets consisted by weight of
84.4% of the above commercial ground pellets, 3% water,
0.03% cholesterol (5-cholesten-3β-ol; Sigma, St. Louis, MO),
and 12.5% vegetable oil mix. The calculated composition (in

wt%) of the four diets was 16.3% protein, 52.6% carbohydrate,
16.6% lipid, 11.8% water, and 4.6% minerals. Lipids provided
about one-third (35.3%) of the total energy intake. The veg-
etable oil mix consisted of linseed oil [53.6% ALA, 15.7% LA,
20% oleic acid, and 10% saturated FA (SFA)] (Valorex, Javené,
France), and high-oleic sunflower oil (0.1% ALA, 14.6% LA,
74.9% oleic acid, and 10% SFA) added in different proportions
to increase ALA concentration and to keep the levels of LA and
SFA constant. As a consequence, ALA and oleic acid (18:1n-9)
varied in opposite proportions. The calculated proportions of
linseed oil and high-oleic sunflower oil were 0:100, 22:78,
47:53, and 97:3, providing theoretically 1, 10, 20, and 40%
ALA (as % of total FA) in the L1, L10, L20, and L40 diets,
respectively. The contribution of ALA to total energy intake
varied from less than 1% (L1 diet) to 14.6% (L40 diet). The FA
profile of the experimental diets was determined as described
below and is shown in Table 1. 

Experimental procedure. After 5 wk on experimental diets,
hamsters were housed in individual cages with wire floors to
measure their dietary consumption and to collect the feces dur-
ing the seventh week. To assess the body weight gain during
the last week, hamsters were weighed after an overnight fast
(18 h) at the end of the sixth week. At 15 wk of age, after hav-
ing been on the experimental diets for 7 wk, all hamsters were
fasted overnight, then weighed and anesthetized by intramus-
cular injection of Zoletil 50 (Virbac, Carros, France) at a dose
of 4 mg/100 g of body weight. Blood was taken by intracardiac
puncture using a heparinized syringe (10 units heparin/mL
blood). Plasma was separated from blood by centrifugation for
20 min at 4°C and 1700 × g, then stored at −20°C. RBC were
washed with physiological serum and stored at −80°C. After
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TABLE 1
Lipid Composition of the Experimental Dietsa

Unit L1 L10 L20 L40

Total lipids g/100 g diet 15.7 16.0 14.9 15.6
Cholesterol g/100 g diet 0.072 0.075 0.075 0.072
FA

4:0 % of total FA 0.52 0.09 0.12 0.08
8:0 0.06 0.07 0.08 0.04

10:0 0.04 0.02 0.02 0.02
14:0 0.11 0.12 0.13 0.15
16:0 6.49 6.6 7.36 7.84
18:0 3.74 3.5 3.83 3.52
18:1n-9 63.74 55.47 43.95 21.79
18:2n-6 23.65 23.48 24.28 24.55
18:3n-3 1.05 9.95 19.50 41.30
20:1n-9 0.33 0.36 0.34 0.39
20:5n-3 0.04 0.10 0.11 0.12
22:6n-3 0.21 0.23 0.30 0.25

ΣSFA % of total FA 10.96 10.4 11.54 11.65
ΣMUFA 64.07 55.83 44.29 22.18
ΣPUFA 24.95 33.77 44.19 66.22
Σn-6 23.65 23.48 24.28 24.55
Σn-3 1.30 10.29 19.91 41.67
18:2n-6/18:3n-3 22.52 2.36 1.25 0.59
aΣSFA, sum of saturated FA; ΣMUFA, sum of monounsaturated FA; ΣPUFA, sum of PUFA; Σn-6, sum of n-6 FA; Σn-3, sum of
n-3 FA.



blood sampling, the abdominal cavity was opened surgically,
and the hamsters were killed by section of the jugular vein. The
liver was carefully removed, and a sample of about 200 mg was
kept on ice for preparation of a postmitochondrial supernatant
that was used for the measurement of ∆6- and ∆5-desaturase
activities. Heart tissues and EAT were taken, weighed, and
stored at −80°C.

FA analyses. (i) Diet. Lipids were extracted according to the
method of Folch et al. (19), dried under N2, and transmethy-
lated with BF3 in methanol (14%) according to the method of
Morisson and Smith (20). After completion of the reaction
(100°C for 1 h), FAME were extracted with hexane, briefly
dried under a N2 stream, diluted in hexane, and analyzed by
GLC with a Fisons 8000 chromatograph (Thermo Products,
Les Ulis, France) equipped with an on-column injector and an
FID. Separation of FAME was realized with a BPX70 fused-
silica capillary column (60 m length × 0.32 mm i.d., 0.25 µm
film thickness; SGE, Villeneuve St Georges, France). The hy-
drogen flow rate was 1.5 mL·min−1. The oven was pro-
grammed from 60 to 220°C with four temperature steps (60°C
for 1 min, rise of 20°C·min−1, 170°C for 30 min, rise of
10°C·min−1, 200°C for 15 min, rise of 10°C·min−1, 220°C for
10 min).

(ii) Feces. Feces were hydrated and homogenized in dis-
tilled water with diatomaceous earth (Sigma) before being hy-
drolyzed in HCl (6 N) for 1 h. The mixture was filtered, washed
to reach pH 5.0, and dried under vacuum. Lipids were then ex-
tracted according to the method of Folch et al. (19) using hep-
tadecanoic acid (17:0) as an internal standard (Sigma). Lipids
were then dried and weighed. After transmethylation, in the
same conditions as described above, FAME were purified by
TLC on a silica plate (silica gel 60A; SDS, Peypin, France).
Elution solvents were hexane/diethyl ether/acetic acid
(70:30:1, by vol). FAME were extracted from the gel by a
biphasic solvent system made of ethanol (2 mL), hexane/
diethyl ether (2:1, vol/vol; 2 mL), distilled water (2 mL), and a
few drops of concentrated ammonia. The upper organic phase
was withdrawn and evaporated under a stream of N2 after re-
moving residual water by passage through Na2SO4. The dry
residue was used for analysis by GLC under the same condi-
tions as in dietary FAME. For total lipids and each FA, the fol-
lowing determination was made:

apparent absorption (in %)
= (amount ingested − amount excreted)/amount ingested [1]

(iii) Plasma. Plasma (1.5 mL) was treated according to the
method of Folch et al. (19). Total lipids were separated by TLC
on 0.3-mm thick silica gel (Kieselgel H 60; Merck, Darmstadt,
Germany) laboratory-coated plates using the solvent mixture
hexane/diethyl ether/acetic acid (90:10:1, by vol). FAME from
CE and PL were prepared by transmethylation of individually
isolated fractions in the presence of silica gel and under the
same conditions as already discussed. FAME were analyzed
according to Boué et al. (21) on a Fisons 8000 (Thermo Prod-

ucts) equipped with a split injector and an FID kept at 250°C.
The split ratio was 1:80. Separation of FAME was performed
on the same column as above. The hydrogen flow rate was 1
mL·min−1. The oven temperature was programmed from 150
to 200°C at 1.5°C·min−1, then to 230°C at 2.5°C·min−1, and
held at 230°C for 30 min. 

(iv) RBC and heart. RBC (1.5 mL) and hearts were treated
according to the method of Folch et al. (19). PL from hearts
were prepared like those from plasma. Total lipids from RBC
and PL from hearts were then transmethylated as described for
dietary FA. FAME analysis was performed as in plasma. 

(v) EAT. Total lipids were transesterified directly from the
tissue, without prior extraction, according to the method of
Lepage and Roy (22), with 2 mL of methanol/benzene (4:1,
vol/vol) containing 0.02% BHT (wt/vol) as an antioxidant and
200 µL acetyl chloride (22). GLC analyses of FAME were the
same as in plasma. This fast protocol provides FA composi-
tions of total lipids not significantly different from those ob-
tained by the procedure of Morisson and Smith (20) described
above.

Measurement of hepatic ∆6- and ∆5-desaturase activities.
Enzymatic activities were determined as described by Guillou
et al. (23). Briefly, after isolation by centrifugation, a postmito-
chondrial supernatant was incubated with [1-14C] α-linolenic
or [1-14C]eicosatrienoic acids, used as substrate for the ∆6- and
the ∆5-desaturases, respectively. FA were then extracted, con-
verted to fatty acid naphthacyl esters according to the method
of Wood and Lee (24), and separated on HPLC (Alliance Inte-
grated System; Waters, St Quentin en Yvelines, France) using
a Novapack C18 column (4 µm, 4.6·250 mm; Waters) and a
guard column (Novapack C18; 4 µm, 3.9·20 mm; Waters). The
column temperature was maintained at 30°C. Elution was per-
formed at a programmed flow rate of 1 mL/min with a gradient
of methanol/acetonitrile/water starting at 80:10:10 (by vol), in-
creasing first linearly to 86:10:4 (by vol) in 30 min, then in-
creasing linearly to 90:10:0 (by vol) in 10 min, holding at
90:10:0 (by vol) for 5 min and returning to the initial condi-
tions in 5 min (25). Radiolabeled substrates and products of
each desaturase assay were collected and subjected to liquid
scintillation counting. From the amount of radioactivity incu-
bated, the enzyme activity could be calculated with this for-
mula:

[2]

where Ae is expressed as pmol substrate converted to product
per min per mg of protein. 

Statistical analyses. The data were analyzed by using the
Statview 4.5 program (Abacus Concepts, Berkeley, CA). Statis-
tical differences between means were determined by ANOVA
and Fisher’s test and considered to be significant at P < 0.05.
Correlations between dietary ALA intake and FA profile were
determined by linear regression.

Ae =

×

radioactivity of product

(radioactivity of product) + (radioactivity of substrate)

moles of substrate incubated

(protein wt) (time)
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RESULTS

Body weight, dietary consumption, and apparent absorption of
lipids (Table 2). Final body weight differed slightly but signifi-
cantly between the four groups, being highest with the L1 diet
and lowest with the L20 and L40 diets. This did not result from
parallel differences in food intake and weight gain during the
last week, which were the highest in the L10 group and the
lowest in the L20 groups. Consequently, lipid intake paral-
leled that of food intake and was slightly lower in the L20
group. However, the consumption of LA was the same in all
groups, and that of ALA almost doubled between the L10 and
L20 groups, as well as between the L20 and L40 groups. Ap-

parent lipid absorption was very high among the four groups
(about 95%). However, animals from the L1 and L20 groups
absorbed 1% more lipids than those from the L40 group. FA
absorption was also very high for all groups. The absorption
of ALA and oleic acid, the only FA whose dietary proportions
varied, were lower in the animals fed the L1 and the L40
diets, respectively. By contrast, the absorption of LA and SFA
did not differ among groups. 

FA composition of lipids from blood, adipose tissue, and
heart. (i) Plasma PL (Table 3). Plasma PL contained a major-
ity of PUFA (45%), most of them belonging to the n-6 family.
The proportion of ALA was very low; however, it reflected the
increased dietary intake from L1 to L40 (Fig. 1). In parallel,
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TABLE 2
Weight Parameters, Dietary Intake, and Apparent Absorptiona

Unit L1b L10b L20b L40b

Final body weight g 120 ± 2a 115 ± 1a,b 110 ± 2b 110 ± 3b

Weight gain g/d 0.09 ± 0.09a,b 0.27 ± 0.11a −0.07 ± 0.15b 0.23 ± 0.06a,b

Food intake 6.05 ± 0.11a,b 6.29 ± 0.19a 5.77 ± 0.25b 6.02 ± 0.11a,b

Lipid intake 1.02 ± 0.02a,b 1.06 ± 0.03a 0.97 ± 0.04b 1.01 ± 0.02a,b

FA intake mg/d
SFA 112 ± 2 110 ± 3 110 ± 5 118 ± 2
18:3n-3 11 ± 0.2d 105 ± 3c 189 ± 8b 417 ± 7a

18:2n-6 241 ± 4 248 ± 8 236 ± 10 249 ± 4
18:1n-9 648 ± 12a 586 ± 18b 427 ± 18c 220 ± 4d

Cholesterol intake mg/d 4.2 ± 0.1a,b 4.4 ± 0.14a 4.0 ± 0.2b 4.2 ± 0.1a,b

Apparent absorption %
Lipids 95.5 ± 0.1a 95.1 ± 0.3a,b 95.7 ± 0.4a 94.6 ± 0.1b

ΣSFA 96.4 ± 0.2 96.5 ± 0.2 96.9 ± 0.2 96.5 ± 0.1
18:1n-9 99.1 ± 0.1a 99.0 ± 0.1a 99.0 ± 0.1a 98.4 ± 0.1b

18:2n-6 98.6 ± 0.1 98.4 ± 0.2 98.7 ± 0.1 98.6 ± 0.1
18:3n-3 97.6 ± 0.9b 99.5 ± 0.1a 99.5 ± 0.1a 99.5 ± 0.0a

aThe dietary intakes, body weight gain, and apparent absorptions were measured during the last week of experimentation. 
bResults are mean ± SEM of six hamsters in each group. Values with different roman superscripts are considered signifi-
cantly different by Fisher’s test (P < 0.05). ΣSFA, sum of saturated FA.

TABLE 3
FA Compositiona of Plasma Phospholipids (PL) and Cholesteryl Esters (CE) (as % of total FA)

L1 L10 L20 L40

PL CE PL CE PL CE PL CE

ΣSFA 41.11 ± 0.39 9.85 ± 0.19 41.45 ± 0.35 10.11 ± 0.17 41.98 ± 0.56 10.52 ± 0.43 42.66 ± 0.80 10.19 ± 0.53
ΣMUFA 14.99 ± 0.66a 34.80 ± 0.51a 13.80 ± 0.34a,b 32.45 ± 0.40b 13.33 ± 0.47b 31.36 ± 0.79b 10.46 ± 0.63c 19.44 ± 0.52c

18:1n-9 11.91 ± 0.62a 32.48 ± 0.45a 10.94 ± 0.34a,b 30.18 ± 0.37b 10.29 ± 0.38b 28.76 ± 0.76b 7.65 ± 0.54c 16.87 ± 0.39c

ΣPUFA 43.63 ± 0.69b 55.17 ± 0.70c 44.44 ± 0.39b 57.30 ± 0.41b,c 44.37 ± 0.86b 57.91 ± 1.19b 46.50 ± 0.45a 70.18 ± 0.92a

Σn-6 32.98 ± 0.11b 54.15 ± 0.78b 33.11 ± 0.19b 54.69 ± 0.42b 33.17 ± 0.35b 53.40 ± 0.95b 35.33 ± 0.32a 59.59 ± 1.21a

18:2n-6 22.28 ± 0.37c 51.25 ± 0.82b 24.41 ± 0.16c 52.40 ± 0.44b 24.48 ± 0.64b 51.59 ± 0.82b 27.47 ± 0.25a 57.67 ± 1.17a

20:4n-6 8.74 ± 0.32a 2.60 ± 0.12a 7.10 ± 0.11b 2.04 ± 0.05b 7.12 ± 0.34b 1.59 ± 0.15c 6.28 ± 0.13c 1.70 ± 0.09b,c

Σn-3 10.65 ± 0.71 1.02 ± 0.10d 11.32 ± 0.29 2.60 ± 0.05c 11.20 ± 0.78 4.51 ± 0.45b 11.17 ± 0.19 10.59 ± 0.51a

18:3n-3 0.09 ± 0.01d 0.29 ± 0.02d 0.44 ± 0.03c 1.81 ± 0.05c 0.74 ± 0.04b 4.00 ± 0.40b 1.55 ± 0.07a 9.66 ± 0.51a

20:5n-3 0.27 ± 0.02d 0.11 ± 0.02c 0.55 ± 0.02c 0.20 ± 0.02b 0.73 ± 0.06b 0.18 ± 0.02b,c 1.24 ± 0.05a 0.41 ± 0.04a

22:5n-3 0.41 ± 0.02b ND 0.60 ± 0.03a ND 0.61 ± 0.05a ND 0.69 ± 0.01a ND
22:6n-3 9.88 ± 0.69a 0.62 ± 0.08a 9.73 ± 0.27a 0.59 ± 0.03a 9.13 ± 0.71a,b 0.33 ± 0.04b 7.69 ± 0.19b 0.52 ± 0.05a

18:3n-3/
18:2n-6 248.4 ± 13.5a 178.9 ± 13.1a 56.1 ± 3.9b 29.0 ± 1.0b 33.7 ± 2.1 13.6 ± 1.4b,c 17.9 ± 0.7 6.1 ± 0.4c

aResults are mean ± SEM of six hamsters in each group. Only FA that are quantitatively or physiologically important are mentioned. Values on the same line
and in the same tissue with different roman superscripts are considered significantly different by Fisher’s test (P < 0.05). 18:2n-6/18:3n-3, ratio of 18:2n-6 to
18:3n-3 FA; for other abbreviations see Table 1.



there was a proportional enrichment in EPA and DPA but not
in DHA, the percentage of which decreased in the group fed
the highest ALA dose (L40). Since DHA was the major
n-3 PUFA, the percentage of total n-3 PUFA was not increased
by dietary ALA. Coefficients of linear regressions between di-
etary intake of ALA and percentage of ALA and EPA in plasma
PL were very high (0.97 and 0.93, respectively, P < 0.0001)
which indicated that the dose of dietary ALA was decisive for
the incorporation of ALA and EPA into plasma PL. Con-
versely, the ingestion of increasing doses of ALA and decreas-
ing doses of oleic acid decreased the proportion of n-6 LC-
PUFA and oleic acid. Although the proportion of LA did not
differ in the four experimental diets, there was a slight increase
in the proportion of LA in PL, from the L1 to the L40 diet, that
paralleled that of ALA.

(ii) Plasma CE (Table 3). As usual in CE, the main FA was

LA (51–58% of total FA). Plasma CE carried more ALA than
plasma PL, which carried mainly n-3 LC-PUFA (Fig. 2). Dietary
ALA intake and ALA content of plasma CE were highly corre-
lated (r2 = 0.97, P < 0.0001). The enrichment of CE in ALA
reached about 10% in response to the L40 diet. EPA and DHA
were minor components, and their proportions did not vary lin-
early with the dietary intake of their precursor, ALA. As in
plasma PL, LA increased and oleic acid decreased when dietary
ALA increased at the expense of oleic acid.

(iii) RBC (Table 4). The FA profile of RBC was characteris-
tic of membrane PL with a high PUFA content (40%), most of
them from the n-6 family. The percentages of ALA, EPA, and
DPA were proportional to dietary ALA (coefficients of linear
regression were, respectively, 0.99, 0.97, and 0.91, P < 0.0001),
contrary to those of DHA, which were significantly lower in
response to the highest ALA intake (Fig. 3). As in plasma
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FIG. 1. Proportion of n-3 PUFA in plasma phospholipids (PL) of hamsters fed increasing in-
takes of α-linolenic acid (ALA) varying from 1% total FA (L1 diet) to 40% (L40 diet). Values are
mean ± SEM (n = 6). LA, linoleic acid; DPA, docosapentaenoic acid.

FIG. 2. Proportion of ALA in different tissues of hamsters fed increasing intakes of ALA varying
from 1% total FA (L1 diet) to 40% (L40 diet). Values are mean ± SEM (n = 6). RBC, red blood
cell; EAT, epididymal adipose tissue; CE, cholesteryl ester; for other abbreviations see Figure 1.



lipids, LA content increased and that of AA and oleic acid de-
creased when dietary oleic acid was substituted by ALA. In ad-
dition, the SFA content was higher in the L40 group than in the
other groups. 

(iv) Heart (Table 4). As in RBC and plasma, PL of car-
diomyocytes contained a majority of PUFA (44%), essentially
LA (26–28%), DHA (12–13%), and AA (7%). The percent-
ages of ALA and docosapentaenoic acid (DPA) were propor-
tional to dietary ALA (coefficients of linear regression were,
respectively, 0.98 and 0.95, P < 0.0001). By contrast, the pro-
portion of DPA seemed to reach a plateau, and that of DHA
did not vary with the diets (Fig. 4). LA did not increase but
oleic acid decreased when dietary ALA increased at the ex-
pense of oleic acid. As in RBC, SFA content was highest in
the L40 group.

(v) Epididymal adipose tissue (Table 5). The weight of
EAT was the same in all groups (2.46 ± 0.09 g). The main

FA in this tissue were oleic acid (35–54%), LA (21–24%),
and palmitic acid (15%). ALA was proportional to dietary
intake of ALA (the coefficient of linear regression was 0.98,
P < 0.0001), reaching 14% of total FA in response to the L40
diet (Fig. 2). As usual in TG, the amount of LC-PUFA was
very weak for the n-6 family, and null for the n-3 family. As
described in the other tissues, LA increased with dietary
ALA. 

∆5- and ∆6-desaturase activities. Increased dietary intakes of
ALA did not influence the hepatic ∆6-desaturase of which activ-
ity was 358 ± 39, 423 ± 62, 363 ± 41, and 383 ± 52 pmol sub-
strate/min/mg in the L1, L10, L20, and L40 groups, respectively
(mean ± SEM of six hamsters in each group). The ∆5-desaturase
activity was lower than that of the ∆6-desaturase and was also
identical in all groups: 206 ± 7, 203 ± 27, 209 ± 22, and 215 ±
28 pmol substrate/min/mg in the L1, L10, L20, and L40 groups,
respectively (mean ± SEM of six hamsters in each group).
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TABLE 4
FA Compositiona of Red Blood Cells (RBC) and Heart PL (as % of Total FA)

L1 L10 L20 L40

RBC Heart RBC Heart RBC Heart RBC Heart

ΣSFA 35.62 ± 0.40b 37.44 ± 0.43b 35.73 ± 0.36b 36.60 ± 0.38b 36.80 ± 0.55b 36.39 ± 1.02a,b 38.06 ± 0.32a 39.08 ± 0.28a

ΣMUFA 26.71 ± 0.35a 13.77 ± 0.31a 25.41 ± 0.13b 12.83 ± 0.19b 24.10 ± 0.15c 12.32 ± 0.51b 19.61 ± 0.27d 9.19 ± 0.09c

18:1n-9 20.59 ± 0.33a 11.09 ± 0.29a 19.59 ± 0.14b 10.17 ± 0.18b 18.10 ± 0.18c 9.73 ± 0.38b 14.21 ± 0.24d 6.72 ± 0.06c

ΣPUFA 37.40 ± 0.67b 48.43 ± 0.49b 38.58 ± 0.39b 50.19 ± 0.35a 38.83 ± 0.65b 50.85 ± 0.54a 42.03 ± 0.32a 51.26 ± 0.27a

Σn-6 32.29 ± 0.49a 35.92 ± 0.30a,b 31.69 ± 0.37a,b 36.02 ± 0.20a,b 31.01 ± 0.43b 36.63 ± 0.59a 31.23 ± 0.20a,b 35.05 ± 0.47a

18:2n-6 14.69 ± 0.24c 26.57 ± 0.36b 15.24 ± 0.11b 27.40 ± 0.14a,b 15.64 ± 0.17b 28.07 ± 0.48a 16.96 ± 0.16a 27.40 ± 0.45a,b

20:4n-6 13.10 ± 0.32a 7.74 ± 0.17a 12.68 ± 0.26a,b 7.10 ± 0.08b 12.19 ± 0.34b,c 7.21 ± 0.12b 11.51 ± 0.15c 6.36 ± 0.05c

Σn-3 5.11 ± 0.24d 12.45 ± 0.53c 6.90 ± 0.23c 14.14 ± 0.25b 7.81 ± 0.27b 14.15 ± 0.29b 10.80 ± 0.23a 16.14 ± 0.30a

18:3n-3 0.11 ± 0.01d 0.064 ± 0.003d 0.59 ± 0.01c 0.43 ± 0.01c 1.11 ± 0.03b 0.86 ± 0.04b 2.51 ± 0.06a 1.86 ± 0.06a

20:5n-3 0.26 ± 0.01d 0.16 ± 0.01d 0.55 ± 0.02c 0.28 ± 0.01c 0.81 ± 0.03b 0.36 ± 0.02b 1.51 ± 0.05a 0.55 ± 0.02a

22:5n-3 0.84 ± 0.05d 0.61 ± 0.04c 1.83 ± 0.04c 0.91 ± 0.03b 2.43 ± 0.09b 1.00 ± 0.02b 3.35 ± 0.08a 1.29 ± 0.03a

22:6n-3 3.91 ± 0.19a 11.6 ± 0.5 3.93 ± 0.18a 12.5 ± 0.2 3.47 ± 0.15a,b 11.9 ± 0.3 3.44 ± 0.11b 12.4 ± 0.3
18:3n-3/
18:2n-6 139.7 ± 6.5a 417.8 ± 18.8a 25.7 ± 0.3b 64.1 ± 2.0b 14.2 ± 0.3c 33.0 ± 1.5c 6.8 ± 0.1c 14.8 ± 0.2c

aResults are mean ± SEM of six hamsters in each group. Only FA that are quantitatively or physiologically important are mentioned. Values on the same line
and in the same tissue with different roman superscripts are considered significantly different by Fisher’s test (P < 0.05). For other abbreviations see Tables 1
and 3.

FIG. 3. Proportion of n-3 PUFA in RBC of hamsters fed increasing amounts of ALA, varying
from 1% total FA (L1 diet) to 40% (L40 diet). Values are mean ± SEM (n = 6). For abbreviations
see Figures 1 and 2.



DISCUSSION

Absorption, transport, and storage of ALA. The ALA content
of the experimental diets varied from 1 to 40% of total FA at
the expense of oleic acid, resulting in LA/ALA ratios between
22.5 and 0.6. As a consequence, the range of dietary ALA in-
take was very broad, from 11 to 417 mg/d (Table 2). However,
even for the highest supply, there was no apparent saturation of
ALA absorption, which was almost maximal. There was also
no apparent limitation to its transport, at least in the range of
dietary ALA used. Indeed, plasma CE, the main form of trans-
port of ALA, and also plasma PL were enriched in ALA pro-
portionally to its dietary supply (Fig. 2). Epidemiological stud-
ies prefer to use biological indicators of consumption rather
than nutritional surveys, and the present data confirm the relia-
bility of ALA content in plasma CE as a marker of ALA con-
sumption (9) over a broad range of dietary supplies and
LA/ALA ratios. Because the response of the proportion of
ALA in RBC was even more linear that in plasma CE, and be-
cause RBC are easily available, the percentage of ALA in these
cells could be a good marker of ALA consumption. However,
the level of incorporation of ALA in RBC was clearly lower
than in plasma CE, and the reliability of this marker has to be
tested in the human. The partitioning of ALA toward oxidation
also has to be considered as a variable in the use of the compo-
sition of blood lipid pools as markers of ALA intake. Indeed,

the proportion of oxidized ALA differs markedly among
species, being less pronounced in the human (14,26) than in the
rat (27). Moreover, in the human, oxidation is also influenced
by gender, ALA being more oxidized and less converted into
LC-PUFA in women than in men (26,28).

ALA storage in the EAT was also parallel to the dietary in-
take, and in our broad range of ALA intakes, we found no lim-
its to this storage, which accounted for up to 14% of total FA
(Table 5). This is of particular interest, since adipose tissue rep-
resents one of the most important pools of ALA (29) that is
available to the body when needed. 

Synthesis, transport, and storage of LC derivatives. Transport
and storage of EPA, which is the first significant derivative of
ALA, were highly responsive to dietary ALA. Indeed, in PL
from plasma, RBC, and cardiomyocytes, EPA content was
strictly linear and proportional to dietary ALA intake (Tables 3,
4; Figs. 1, 3, 4). This suggests that partitioning of ALA between
oxidation and conversion into “LC-PUFA” was not affected by
dietary ALA intake. Even if the FA composition of a given tis-
sue is not directly related to hepatic desaturase activity, the lack
of effect of dietary ALA on its own conversion into EPA is in
accordance with the observation that, in the liver, maximal ac-
tivities of ∆5- and ∆6-desaturases were similar in all groups.
The effects of dietary ALA on the regulation of these enzymes
are controversial. In the human, data on ∆6- and ∆5-desaturase
activities are not available, but indirect measurements can be
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FIG. 4. Proportion of n-3 PUFA in heart PL of hamsters fed increasing intakes of ALA, varying
from 1% total FA (L1 diet) to 40% (L40 diet). Values are mean ± SEM (n = 6). For abbreviations
see Figure 1.

TABLE 5
FA Compositiona of Epididymal Adipose Tissue (as % of total FA)

L1 L10 L20 L40

ΣSFA 18.84 ± 0.27c 19.31 ± 0.21b,c 19.89 ± 0.38a,b 20.27 ± 0.27a

ΣMUFA 58.92 ± 0.53a 56.15 ± 0.31b 51.47 ± 0.10c 40.44 ± 0.43d

18:1n-9 54.16 ± 0.59a 51.57 ± 0.43b 46.18 ± 0.26c 35.26 ± 0.38d

ΣPUFA 21.95 ± 0.27d 24.27 ± 0.25c 28.34 ± 0.45b 38.93 ± 0.44a

18:2n-6 20.90 ± 0.25c 20.98 ± 0.19c 22.43 ± 0.26b 24.29 ± 0.32a

20:4n-6 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01
18:3n-3 0.86 ± 0.05d 3.10 ± 0.07c 5.70 ± 0.24b 14.40 ± 0.54a

18:3n-3/
18:2n-6 24.70 ± 1.26a 6.79 ± 0.14b 3.70 ± 0.16c 1.70 ± 0.08d

aResults are mean ± SEM of six hamsters in each group. Only FA that are quantitatively or physiologically important are
mentioned. Values on the same line with different roman superscripts are considered significantly different by Fisher’s test
(P < 0.05). For abbreviations see Table 1.



obtained via the use of ALA labeled with stable isotopes
(14,30–34). In some studies, dietary ALA was found to inhibit
its own conversion, thus favoring its oxidation (14), whereas
other studies showed no effects (30). The present study supports
the hypothesis that dietary ALA, even in the very large amounts
used, does not regulate its own ∆6- and ∆5-desaturation, at least
in the hamster liver. 

The proportion of DPA in PL from plasma, RBC, and car-
diomyocytes also increased with dietary ALA supply (Figs.
1, 3, 4). However, in contrast to EPA, this response was not
linear, but rather followed a Michaelis curve and tended to
plateau, especially in plasma (Table 3). This reflects the com-
plex equilibrium between EPA storage and elongation into
DPA, further metabolism of DPA to form DHA, and retrocon-
version of DHA into DPA and EPA (35). The present study
did not allow drawing a clear-cut explanation.

In parallel with the enrichment of plasma and membrane PL
in EPA and DPA, there was a decrease in the proportions of n-6
LC-PUFA, and especially of arachidonic acid (AA) (Tables 3
and 4). Therefore, the proportion of AA in PL fell when that of
ALA rose. At the same time, the proportion of LA in PL in-
creased together with dietary ALA, whereas the proportion of
dietary LA was constant in all groups. This complex balance
of n-6 PUFA may be due to two simultaneous mechanisms.
First, an increase in the availability of n-3 LC-PUFA can lead
to a decrease in n-6 LC-PUFA in order to respect the physico-
chemical constraints of membranes and lipoprotein particles in
terms of fluidity and curvature. Second, we could hypothesize
a competition between ALA and LA for the ∆6-desaturases,
ALA being the preferential substrate of the ∆6-desaturase (36).
Thus, as the ALA/LA ratio increased, less LA was converted
into AA and less LA was accumulated. This concomitant in-
crease in EPA and decrease in AA in response to dietary ALA
should favor the generation of anti-inflammatory and antiag-
gregant molecules (from EPA) to the detriment of proinflam-
matory and proaggregant ones (from AA) (37).

In contrast to EPA and DPA, DHA had a paradoxical re-
sponse to dietary ALA. In plasma PL and CE as well as in
RBC, the DHA content did not change between L1 and L10
(LA/ALA ratios of 22.5 and 2.4, respectively), but decreased
linearly from L10 to L40 when the LA/ALA ratio decreased
from 2.4 to 0.6 (Figs. 1, 3, 4). Since the plasma PL concentra-
tion increases and that of CE does not change with dietary
ALA intake (data not shown), the decrease in DHA in these
compartments reflects not only relative but also absolute vari-
ations in the amounts of this FA. This is consistent with many
animal and human studies that showed that the DHA content
of most tissues does not respond linearly to dietary ALA (38).
A recent study in piglets showed that the DHA content of
plasma PL and RBC increased with a dietary proportion of
ALA up to 6.3% of total FA with a LA/ALA ratio equal to 2.0,
then decreased (39). The conversion of EPA into DHA neces-
sitates the elongation of EPA into 24:5n-3 followed by peroxi-
somal ∆6-desaturation and partial β-oxidation (40). Because
the same ∆6-desaturase is thought to act on both 18:3n-3 and
24:5n-3 (41), these two FA would therefore compete for the

same enzyme (42). Since ALA appears to be a better substrate
than 24:5n-3 (43), an increase in ALA availability would result
in a paradoxically negative response of DHA level to dietary
ALA, at least with high doses. Besides, the final step of DHA
synthesis necessitates a peroxisomal β-oxidation (40). In this
respect, and because high ALA intake stimulates β-oxidation
(44), the possibility that ALA in our conditions enhances β-ox-
idation more intensively in mitochondria than in peroxisomes
has to be considered as well as a greater sensitivity to oxida-
tion for DHA than for EPA. This would allow regulation of
DHA synthesis independently from that of EPA and DPA.

The slight but significant DHA decrease in PL from
plasma and RBC in response to high ALA supplies needs to
be considered in terms of cellular functionality and possible
adverse side effects. In this respect, it is noticeable that car-
diomyocytes responded differently from plasma lipids or
RBC. Indeed, their DHA content, which was the highest of
all the studied tissues, did not decrease with the highest ALA
supplies (Table 4). These results contrast with previous stud-
ies in the rat showing that, when compared with other dietary
fats, dietary ALA resulted in a higher DHA content of my-
ocardial cells (45,46). In view of the relative resistance of car-
diac cell membranes to dietary changes in our hamster model,
it is questionable whether these animals would be protected
from arrhythmia and sudden cardiac death by n-3 PUFA, as
demonstrated in other animal species and suggested in the
human (47). Because of these species differences in the re-
sponse of cardiomyocytes membrane composition to dietary
ALA, the relevance of the rodent models to human car-
diopathies should be considered carefully. 

In conclusion, these data show that in the hamster (i) ALA
absorption, storage, and conversion into EPA did not seem to
be overwhelmed even by the highest dietary intake of ALA.
(ii) Important quantities of ALA have been efficiently stored
in EAT, constituting a pool that could be released, then me-
tabolized. (iii) ALA and/or EPA content of adipose tissue,
plasma (CE, PL), and RBC were extremely reliable as bio-
markers of ALA consumption and/or bioconversion over a
broad range of dietary supplies and LA/ALA ratio. (iv) Di-
etary ALA failed to increase DHA, but it increased EPA effi-
ciently and, to a lesser extent, DPA and decreased AA. EPA
accumulation in cell membranes paralleled dietary ALA in-
take, without a tendency to plateau. This is of particular inter-
est in the prevention of cardiovascular diseases, since EPA is
the precursor of prostaglandins of the 3-series, known to pro-
tect against these pathologies. In this context, the dietary sup-
ply of vegetable sources of ALA improves the AA to EPA
balance in various compartments and could be promoted in
parallel to the consumption of n-3 LC-PUFA-rich foods.
However, an adverse effect of very high ALA intake on DHA
content of some tissues has to be considered in the human.
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ABSTRACT: The activity of ∆6- and ∆5-desaturase, enzymes re-
quired for the synthesis of AA and DHA, are impaired in human
and experimental diabetes. We have investigated whether neonates
of type 1 diabetic women have compromised plasma AA and DHA
at birth. Cord blood was obtained from healthy babies born to
mothers with (n = 31) and without (n = 59) type 1 diabetes. FA
composition of plasma choline phosphoglycerides (CPG), TG, and
cholesterol esters (CE) was assayed. The neonates of the diabetics
had lower levels of AA (20:4n-6, P < 0.0001), adrenic acid (22:4n-6,
P < 0.01), Σn-6 metabolites (P < 0.0001), docosapentaenoic acid
(22:5n-3, P < 0.0001), DHA (22:6n-3, P < 0.0001), Σn-3 (P <
0.0001), and Σn-3 metabolites (P < 0.0001) in CPG compared with
the corresponding babies of the nondiabetic mothers. Similarly,
they had lower levels of AA (P < 0.05), Σn-6 metabolites (P < 0.05),
DHA (P < 0.0001), and Σn-3 metabolites (P < 0.01) in plasma CE.
There was also a nonsignificant reduction of AA and DHA in TG in
the babies of the diabetic group. The current investigation indicates
that healthy neonates born to mothers with type 1 diabetes have
highly compromised levels of AA and DHA. These nutrients are of
critical importance for neurovisual and vascular system develop-
ment. In poorly controlled maternal diabetes, it is conceivable that
the relative “insufficiency” of AA and DHA may exacerbate speech
and reading impairments, behavioral disorders, suboptimal perfor-
mance on developmental tests, and lower IQ, which have been re-
ported in some children born to mothers with type 1 diabetes mel-
litus. Further studies are needed to understand the underlying
mechanism for this biochemical abnormality and its implications
for fetal and infant development. 

Paper no. L9441 in Lipids 39, 335–342 (April 2004).

The developing fetus and the neonate can synthesize arachi-
donic (AA) and docosahexaenoic (DHA) acids from their re-
spective parent compounds linoleic (LA) and α-linolenic
(ALA) acids (1–5). However, the rate of synthesis is not fast
enough to meet the high fetal and neonatal requirements
(6–10), and they have to rely on the mother for an optimal sup-
ply of these vital nutrients both in utero and postnatally. 

It is estimated that the fetus accumulates about 70 mg/d of
n-3 long-chain PUFA (LCPUFA), mainly DHA, during the
third trimester (11,12). The accumulation of AA is thought to
be substantially higher since it is omnipresent in most tissues
in significant amounts. There is evidence that women of child-
bearing age have a greater capacity for synthesizing DHA
(13,14). Because both FA share the same synthetic pathway
(15), it is possible that the effect on AA is similar.

The activity of ∆6- and ∆5-desaturase, enzymes required for
the synthesis of AA and DHA, is impaired in human (types 1
and 2) and experimental diabetes (16–18). In addition, levels
of membrane LCPUFA are reduced (19–21). Consequently, ex-
pectant and nursing mothers with type 1 diabetes may not be
able to provide sufficient AA and DHA for optimal fetal and
neonatal growth and development. Indeed, Jackson et al. (22)
and Thomas et al. (23) have shown that the breast milk of
women with type 1 diabetes has reduced levels of AA and
DHA. Similarly, Ghebremeskel et al. (24), in a pilot study,
found lower levels of both FA in plasma choline phosphoglyc-
erides (CPG) of neonates of type 1 diabetic women. Because
the latter study was based on only six subjects, it was not pos-
sible to establish with confidence whether type 1 diabetes im-
posed a significant constraint on the supply of LCPUFA,
specifically AA and DHA, to the fetus. Moreover, it was not
clear whether a similar adverse effect was also manifested in
the other major plasma lipid fractions, viz., TG and cholesterol
esters (CE). The aim of the current study was to establish
whether the nondiabetic neonates born to mothers with type 1
diabetes had diminished levels of plasma n-6 and n-3 LCPUFA
at birth.

MATERIALS AND METHODS 

Recruitment. Type 1 diabetic (n = 31) and healthy nondiabetic
(n = 59) women, aged 16 yr and over, with uncomplicated sin-
gleton pregnancy were recruited during the first trimester (be-
fore week 15) from St. Thomas’ Hospital (London, United
Kingdom). The nondiabetic women did not have a family his-
tory of diabetes, were normotensive, and were free of other
chronic disorders. The control women were screened for gesta-
tional diabetes mellitus (GDM) by monitoring their blood glu-
cose at 60 and 120 min following an oral administration of 75
g of glucose (25). If the concentration was less than or equal to
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8 mmol/L at 60 min, they were considered normal. From those
with glucose concentrations greater than 8 mmol/L, a second
blood sample was taken at 120 min. GDM was diagnosed if the
concentration of the second sample was equal to or greater than
9 mmol/L. The type 1 diabetics were treated with one of two
basic insulin regimes. The first was a twice-daily combination
of short- and intermediate-acting insulin injected before break-
fast and the evening meal, and the second was short-acting in-
sulin injected before each main meal and intermediate-acting
insulin injected at bedtime. Insulin doses were adjusted by the
women themselves or at the biweekly consultation with a dia-
betologist in the combined antenatal and diabetic clinic. 

Neonates and collection of cord blood. At delivery, detailed
anthropometric and clinical information was obtained from the
babies born to the type 1 diabetic (n = 31) and nondiabetic
(n = 59) mothers. Blood glucose was routinely measured 2 h
after birth, and hypoglycemia was diagnosed if the concentration
was <2 mmol/L. The hypoglycemic infants were treated with
milk feeds (bottle) every 1–2 h. If the blood glucose remained
low after 3 h, the babies were transferred to the Neonatal Unit
and treated with either intravenous dextrose or nasogastrically
delivered feed. About 5 mL of cord venous blood was collected
in heparinized tubes using a double-clamp procedure for FA
analysis. Ethical approval from the Ethics Committee of the
Lambeth & Southwark Health Authority and informed written
consent from the mothers were obtained for the study. 

Sample processing and FA analysis. Plasma was separated
from the whole blood by cold centrifugation and stored at
–20°C. The samples were subsequently transported to the In-
stitute of Brain Chemistry and Human Nutrition, where they
were stored at −70°C until analysis. Total lipids were extracted
by the method of Folch et al. (26) by homogenizing the plasma
samples in chloroform and methanol (2:1 vol/vol) containing
BHT (0.01% wt/vol) under nitrogen. The plasma lipid fraction
CPG, TG, and CE were separated by TLC on silica gel plates
by using the developing solvents petroleum spirit/ether/formic
acid/methanol (85:15:2.5:1 by vol) containing BHT. The
plasma lipid fraction bands were detected by spraying the TLC
plate with a methanolic solution of 2,7-dichlorofluorescein
(0.01% wt/vol) and then identified by using authentic stan-
dards. FAME were prepared by heating the plasma lipid frac-
tions scraped from the silica plate with 15% acetyl chloride in
methanol in a sealed tube at 70°C for 3 h under nitrogen.
FAME were separated on a gas chromatograph (HRGC MEGA
2 series; Fisons Instruments, Milan, Italy) fitted with a capil-
lary column (25 m × 0.32 mm i.d., 0.25 µm film, BP20). Hy-
drogen was used as a carrier gas, and the injector, oven, and de-
tector temperatures were maintained at 235, 210, and 260°C,
respectively. FAME were identified by comparison of the re-
tention times with authentic standards (Sigma-Aldrich Co.
Ltd., Gillingham, United Kingdom) and interpretation of the
ECL values. Peak areas were quantified by an EZChrom Chro-
matography data system (Scientific Software Inc., San Ramon,
CA).

Data analyses. Data were analyzed for gestational age, par-
ity, and maternal diabetes with an unpaired t-test. The results

are expressed as mean ± SD. The effect of the severity of ma-
ternal diabetes (retinopathy, nephropathy, and neuropathy) on
the FA levels of the neonates was tested with one-way
ANOVA. The chi square test was used to examine statistical
differences in the number of caesarean deliveries between the
diabetic and nondiabetic women. P-values of less than 0.05
were taken to be statistically significant. All calculations were
undertaken by the use of SPSS for Windows, release 9 (SPSS
Inc., Chicago, IL).

RESULTS 

Anthropometric, demographic, and clinical variables. (i) Moth-
ers. Anthropometric, clinical, and demographic data on the two
groups of mothers are given in Tables 1 and 2. The mean age
(P < 0.05), prepregnancy weight (P < 0.05), weight at the third
trimester (P < 0.01), and the third-trimester systolic and diastolic
blood pressure (P < 0.0001) of the type 1 diabetic women were
significantly higher than those of the nondiabetics. 

(ii) Neonates. Anthropometric and clinical data of the ba-
bies at birth are given in Table 3. Elective caesarean accounted
for 28.8 and 90.3% of the deliveries in the nondiabetic and type
1 diabetic babies, respectively (P < 0.0001). Neonates in the
latter group had a lower mean gestational age (P < 0.0001) and
a higher incidence of hypoglycemia (P < 0.0001) compared
with those of the nondiabetics. There was no difference in
mean birthweight, length, or head circumference between the
two groups of babies. 

FA. There was no difference in the levels of the FA in plasma
CPG, TG, or CE between the preterm and term babies, and those
of low- (0 and 1) and high- (≥2) parity mothers (P > 0.05). Simi-
larly, the babies of the diabetics with and without complications
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TABLE 1
Anthropometric and Demographic Variables of Pregnant Women
With and Without Type 1 Diabetes

Nondiabetics Type 1 diabetics
Characteristics (n = 59) (n = 31)

Age (yr) 28.23 ± 5.54 31.16 ± 5.05
Height (m) 1.63 ± 0.07 1.65 ± 0.06
Prepregnancy weight (kg) 63.72 ± 13.32 70.90 ± 14.16
Prepregnancy BMI 24.05 ± 5.17 26.25 ± 5.50
Weight (third trimester) (kg) 74.71 ± 12.23 85.95 ± 15.13
BMI (third trimester) 28.28 ± 4.5 31.85 ± 5.7
Ethnicity
Caucasian 30 28
Afro-Caribbean/African 18 2
Indo-Pakistani 6 —
Others 5 1

Parity
0 33 16
1 18 8
≥2 8 7

Smoking
Never 37 20
In the past 9 8
Current 13 3

aBMI, body mass index.



had comparable percentages of FA in the three plasma lipid
classes (P > 0.05). Hence, the data were not stratified by gesta-
tional age, parity, or the severity of maternal diabetes. 

Plasma CPG. The mean FA composition of plasma CPG is

given in Table 4. The plasma of babies of the type 1 diabetic
women at birth had lower levels of stearic acid (18:0, P < 0.0001),
AA (20:4n-6, P < 0.0001), adrenic acid (22:4n-6, P < 0.01), Σn-6
metabolites (P < 0.0001), docosapentaenoic acid (22:5n-3,
P < 0.0001), DHA (22:6n-3, P < 0.0001), Σn-3 (P < 0.0001), and
Σn-3 metabolites (P < 0.0001) compared with the corresponding
cord plasma of the nondiabetic mothers. However, they had
higher levels of myristic acid (14:0, P < 0.05), palmitic acid (16:0,
P < 0.001), palmitoleic acid (16:1n-7, P < 0.0001), oleic acid
(18:1n-9, P < 0.0001), Σmonoenes (P < 0.0001), LA (18:2n-6,
P < 0.05), γ-linolenic acid (GLA, 18:3n-6, P < 0.05), ALA
(18:3n-3, P < 0.01), and Mead acid (20:3n-9, P < 0.05). 

Plasma TG. Table 5 shows the FA composition of cord
plasma TG. The percentages of arachidic acid (20:0; P < 0.05),
palmitoleic acid (P < 0.05), and Σmonoenes (P < 0.05) were
higher, and those of LA (P < 0.01), GLA (P < 0.05), dihomo-γ-
linolenic acid (DHGLA, 20:3n-6, P < 0.01), Σn-6 (P < 0.0001),
and ALA (P < 0.01) were lower in the cord plasma of the type 1
diabetic mothers. There was no difference in the proportions of
AA, DHA, and Mead acid between the two groups (P > 0.05). 

Plasma CE. The mean FA composition of plasma CE is
given in Table 6. The cord plasma of the type 1 diabetic group
had higher levels of palmitoleic acid (P < 0.01) and lower lev-
els of AA (P < 0.05), Σn-6 metabolites (P < 0.05), DHA (P <
0.0001), and Σn-3 metabolites (P < 0.01) than those of babies
of the nondiabetics. The two groups of babies had comparable
proportions of LA, ALA, and Mead acid. 

DISCUSSION

Consistent with our pilot study (24), the results of the current
investigation reveal that the cord plasma AA and DHA obtained
from type 1 diabetic women were significantly reduced. The
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TABLE 2
Clinical Data on Pregnant Women With and Without Type 1 Diabetes

Nondiabetics Type 1 diabetics
Clinical variables (n = 59) (n = 31)

Systolic blood pressure 113.9 ± 13.7 129.5 ± 17.0
Diastolic blood pressure 67.5 ± 9.22 82.9 ± 9.57
Pregestational treatment
Insulin + diet — 31
Insulin injections/day

≤2 — 13
3 — 12
4 — 5
≥5 — 1

No. units/d
20–39 — 10
40–59 — 17
60–80 — 4

No. units/d in
third trimester
20–39 — —
40–59 — 11
60–80 — 12
>80 6

Pregestational retinopathy — 8
Pregestational neuropathy 1
Pregestational nephropathy 1
Retinopathy + nephropathy — 3
Retinopathy + neuropathy — 1
Retinopathy + neuropathy

+ nephropathy — 2
No complications — 15

TABLE 3
Anthropometric Data on the Neonates of Women With and Without Type 1 Diabetes

Anthropometric variables Nondiabetics (n = 59) Type 1 diabetics (n = 31) Level of significance

Gestational age (wk) 39.36 ± 1.59 37.10 ± 1.79 <0.0001
No. of  term deliveries (≥ 37 wk) 57 22
No. of preterm deliveries (34–36 wk) 2 9
Gender
Male 38 15
Female 21 16

Birthweight (kg)
Male + female 3.33 ± 0.53 3.35 ± 0.70 NSa

Male 3.36 ± 0.57 3.54 ± 0.66 NS
Female 3.26 ± 0.48 3.17 ± 0.70 NS

Length (cm)
Male + female 50.77 ± 3.01 50.87 ± 3.68 NS
Male 51.16 ± 3.10 52.50 ± 2.86 NS
Female 50.09 ± 2.78 49.55 ± 3.81 NS

Head circumference (cm)
Male + female 34.73 ± 2.41 34.09 ± 1.75 NS
Male 35.04 ± 2.78 34.56 ± 1.57 NS
Female 34.19 ± 1.43 33.68 ± 1.85 NS

No. with hypoglycemia 2 18 <0.0001
Mode of delivery
Vaginal 41 3 <0.0001
Caesarean 17 28 <0.0001

aNS, nonsignificant.



levels of AA and DHA, relative to the cord values of babies of
the nondiabetics, were reduced by 15.1 and 26.6% and by 20
and 41.9% in plasma CPG and CE, respectively. The TG val-
ues showed the same trend. With the exception of two pilot
studies based on small sample sizes (24,27), no comprehensive
published data are available on the effect of type 1 diabetes in
pregnancy on maternal and/or cord FA. However, it has been
reported that babies of gestational diabetic women have re-
duced levels of AA and DHA in red-cell phospholipids (28),
red-cell CPG (29), and plasma CPG (30) at birth. The afore-
mentioned studies on GDM suggest that metabolic perturba-
tion during pregnancy has a discernible adverse effect on fetal
AA and DHA status.

Our findings were rather intriguing, since the type 1 diabetic
women had acceptable glycemic control, with a mean HbA1c
value of 6.6 ± 0.8, range 5.5–8.1, and their babies were born with
no malformations. The mother is the primary source of fetal LA,
ALA, AA, and DHA, and the latter two FA are selectively trans-
ferred from maternal to fetal circulation (31–33). Hence, it is

likely that the lower cord plasma AA and DHA in the babies of
the diabetic group were a reflection of a low maternal status, im-
paired placental transfer, or both. The activity of ∆6- and ∆5-
desaturase, enzymes that are vital for the synthesis of AA and
DHA, is impaired by diabetes (16–18). In addition, type 1 dia-
betic patients (17,34) and experimental diabetic animals (35)
have reduced levels of n-6 LCPUFA. There is evidence that in-
sulin treatment fully restores the inhibition of ∆6- and ∆5-desat-
urase activity induced by diabetes (36). The type 1 diabetic
women were on insulin therapy throughout their pregnancy, and
their n-6 and n-3 FA intake was no different from that of the con-
trol subjects (37). Yet the cord plasma of the babies of the dia-
betic group had reduced levels of AA and DHA. It is plausible
that the combination of diabetes- and pregnancy-induced meta-
bolic changes (38) and the consumption of a high-saturated-fat
“Western diet” may have depressed the AA and DHA levels in
the pregnant type 1 diabetic women and consequently the fetus.
We have found that the levels of AA and DHA in plasma CPG
of pregnant type 1 diabetic women were 14 and 38.9% lower
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TABLE 4
Mean (± SD) FA Composition (%) of Plasma Choline Phosphoglycerides of Neonates Born to Women
With and Without Type 1 Diabetesa

FA Nondiabetics (n = 59) Type 1 diabetics (n = 31) Level of significance

14:0 0.17 ± 0.10 0.23 ± 0.16 <0.05
16:0 28.97 ± 2.71 30.87 ± 2.50 <0.001
18:0 15.06 ± 1.36 13.54 ± 1.78 <0.0001
20:0 0.07 ± 0.03 0.07 ± 0.04 NS
22:0 0.26 ± 0.49 0.45 ± 0.66 NS
24:0 0.09 ± 0.12 0.06 ± 0.03 NS

ΣSaturates 44.54 ± 3.13 45.08 ± 2.85 NS

16:1n-7 0.91 ± 0.31 1.28 ± 0.40 <0.0001
18:1n-9 10.07 ± 1.71 11.56 ± 1.70 <0.0001
20:1n-9 0.11 ± 0.06 0.16 ± 0.10 <0.05
22:1n-9 0.05 ± 0.04 0.11 ± 0.09 <0.05
24:1n-9 0.17 ± 0.44 0.09 ± 0.09 NS

ΣMonoenes 11.26 ± 1.93 13.09 ± 2.00 <0.0001

18:2n-6 8.47 ± 2.71 9.96 ± 3.50 <0.05
18:3n-6 0.10 ± 0.03 0.12 ± 0.05 <0.05
20:2n-6 0.52 ± 0.39 0.76 ± 0.62 <0.05
20:3n-6 5.15 ± 1.16 5.09 ± 0.94 NS
20:4n-6 17.27 ± 2.43 14.67 ± 2.52 <0.0001
22:4n-6 0.63 ± 0.17 0.51 ± 0.22 <0.01
22:5n-6 0.94 ± 0.58 0.98 ± 0.52 NS

Σn-6 33.05 ± 2.73 32.08 ± 2.05 NS
Σn-6 metabolites 24.59 ± 2.86 22.12 ± 3.05 <0.0001

AA/LA ratio 2.16 ± 0.53 1.63 ± 0.52 <0.0001
Σn-6 metabolite/LA ratio 3.08 ± 0.74 2.45 ± 0.74 <0.0001
22:4n-6/22:5n-6 0.82 ± 0.35 0.71 ± 0.53 NS

18:3n-3 0.06 ± 0.04 0.11 ± 0.11 <0.01
20:5n-3 0.45 ± 0.22 0.43 ± 0.25 NS
22:5n-3 0.51 ± 0.25 0.34 ± 0.15 <0.0001
22:6n-3 6.32 ± 1.88 4.64 ± 1.52 <0.0001

Σn-3 7.33 ± 2.18 5.51 ± 1.67 <0.0001
Σn-3 metabolites 7.28 ± 2.18 5.41 ± 1.68 <0.0001

20:3n-9 0.45 ± 0.31 0.64 ± 0.55 <0.05
aΣSaturates = 12:0 + 14:0 + 16:0 + 18:0 + 20:0 + 22:0 + 24:0; Σmonoenes = 14:1 + 16:1 + 18:1 + 20:1 + 22:1 + 24:1;
Σn-6 = 18:2 + 18:3 +  20:2 + 20:3 + 20:4 + 22:4 + 22:5; Σn-6 metabolites  = 18:3 + 20:2 + 20:3 + 20:4 + 22:4 + 22:5;
n-3 = 18:3 + 20:5 + 22:5 + 22:6 ; Σn-3 metabolites = 20:5 + 22:5 + 22:6. For other abbreviation see Table 3.



than those of healthy nondiabetics (24). Similarly, Lakin et al.
(27) have reported a significant reduction in n-6 and n-3 LC-
PUFA in the erythrocytes of pregnant women with type 1 diabetes. 

The uptake of the LCPUFA by the placenta is thought to be
mediated by membrane-bound cytosolic FA-binding proteins
(FABP) (39). Moreover, the rate of flux is primarily dependent
on the abundance of the available binding sites and on the fact
that placental FABP polymorphisms may affect the processes
involved in the selective transfer of LCPUFA (40). Recent evi-
dence demonstrates that the membrane protein CD36 (FA
translocase), a facilitator in the uptake of long-chain FA (41),
is deficient in a rat model of human metabolic syndrome X
(42). It is conceivable that type 1 diabetes may have an adverse
effect on the binding capacity of FABP and the activity of FA
translocase. 

Prenatal LCPUFA. The LCPUFA AA and DHA are struc-
tural components of cell and subcellular membranes. They are
vital for the function of neurovisual, vascular, and immune sys-
tems (43–46). It has been shown that intrauterine growth-
restricted neonates (47) and those with low birth weight and a
small head circumference (6) have reduced levels of AA and

DHA at birth. Zhang (48) demonstrated that treatment with LA
and ALA increases biparietal diameter and weight in the in-
trauterine-restricted fetus. There is evidence that maternal sup-
plementation with n-3 FA during pregnancy, and during preg-
nancy and lactation is associated with cerebral maturation of
the newborn (49) and enhanced mental development at age 4
(50), respectively. In addition, a relationship has been reported
between infant DHA status and maturation of the retina at birth
(51), and between enhanced stereoacuity at age of 3.5 yr and
maternal intake of a DHA-rich diet during pregnancy (52). 

Because of the critical importance of AA and DHA, the rela-
tive “insufficiency” of these nutrients in neonates of the type 1
diabetic group may have had a subclinically adverse impact on
prenatal development of the neurovisual and vascular systems.
In poorly controlled diabetes, this insufficiency may be severe
enough to be a risk for congenital malformation. Indeed, Reece
et al. (53) have reported that diabetic embryopathy in rats is as-
sociated with a state of EFA deficiency and that it can be signifi-
cantly reduced by supplementation with dietary PUFA. 

Postnatal LCPUFA. Speech and reading impairments, be-
havioral disorders, suboptimal performance on developmental
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TABLE 5
Mean (± SD) FA Composition (%) of Plasma TG of Neonates Born to Women With and Without Type 1 Diabetesa

FA Nondiabetics (n = 59) Type 1 diabetics (n = 31) Level of significance

14:0 1.60 ± 0.44 1.42 ± 0.55 NS
16:0 27.46 ± 2.99 28.45 ± 2.50 NS
18:0 4.67 ± 1.63 5.23 ± 1.29 NS
20:0 0.09 ± 0.06 0.15 ± 0.18 <0.05
22:0 0.54 ± 0.82 0.27 ± 0.31 NS
24:0 0.11 ± 0.15 0.10 ± 0.11 NS

ΣSaturates 34.34 ± 4.04 35.59 ± 3.48 NS

16:1n-7 6.03 ± 1.42 6.93 ± 2.07 <0.05
18:1n-9 29.90 ± 4.82 31.46 ± 4.54 NS
20:1n-9 0.33 ± 0.15 0.34 ± 0.19 NS
22:1n-9 0.26 ± 0.23 0.39 ± 0.31 NS
24:1n-9 0.11 ± 0.01 0.09 ± 0.05 NS

ΣMonoenes 36.42 ± 5.02 39.05 ± 5.34 <0.05

18:2n-6 12.47 ± 3.87 9.80 ± 2.76 <0.01
18:3n-6 0.31 ± 0.13 0.23 ± 0.17 <0.05
20:2n-6 0.49 ± 0.26 0.43 ± 0.33 NS
20:3n-6 0.52 ± 0.22 0.45 ± 0.24 <0.01
20:4n-6 2.48 ± 1.17 2.15 ± 1.21 NS
22:4n-6 1.08 ± 1.07 1.03 ± 1.06 NS
22:5n-6 1.97 ± 1.90 2.01 ± 2.09 NS

Σn-6 19.60 ± 4.23 16.00 ± 3.57 <0.0001
Σn-6 metabolites 7.13 ± 2.96 6.20 ± 2.40 NS

AA/LA ratio 0.23 ± 0.11 0.22 ± 0.10 NS
Σn-6 metabolite/LA ratio 0.68 ± 0.38 0.75 ± 0.37 NS
22:4n-6/22:5n-6 1.04 ± 1.27 1.90 ± 4.74 NS

18:3n-3 0.49 ± 0.25 0.33 ± 0.17 <0.01
20:5n-3 0.34 ± 0.33 0.25 ± 0.13 NS
22:5n-3 0.30 ± 0.19 0.30 ± 0.33 NS
22:6n-3 1.65 ± 1.13 1.32 ± 1.03 NS

Σn-3 2.76 ± 1.54 2.15 ± 1.26 NS
Σn-3 metabolites 2.27 ± 1.48 1.81 ± 1.24 NS

20:3n-9 0.46 ± 0.33 0.55 ± 0.32 NS
aFor abbreviations see Tables 3 and 4.



tests, and lower IQ have been reported in infants and children
of diabetic mothers (54–56). These problems have been attrib-
uted to poor maternal diabetic control, elevated β-hydroxybu-
tyrate, and lipid metabolic perturbation during pregnancy
(54,55). Epidemiological (57) and experimental (58–61) stud-
ies indicate that a nutritional constraint or imbalance in utero
may precipitate physiological or biochemical dysfunction in
postnatal life. Bjerve et al. (62) reported that low levels of
plasma DHA at birth are associated with lower psychomotor
performance scores at 1 yr of age. Similarly, there is evidence
that a suboptimal provision of DHA or of DHA and AA post-
natally is associated with lower neurovisual development in ex-
perimental animals and in preterm and term infants (63–69).
Hence, it is tenable to assume that prenatal (22) and postnatal
(23) insufficiency of these FA may contribute to cognitive im-
pairment and/or behavioral disorders in children of diabetic
mothers. 

The current investigation indicates that nondiabetic neonates
born to mothers with type 1 diabetes have highly compromised

plasma AA and DHA. Further studies are needed to understand
the underlying mechanism for this biochemical abnormality and
its implications for fetal and infant development. 
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ABSTRACT: Aging is associated with a change in the morphol-
ogy and absorptive capacity of the small intestine. In young rats,
feeding a semisynthetic diet containing saturated FA (SFA) in-
creases nutrient uptake, as compared with an isocaloric diet con-
taining polyunsaturated FA (PUFA). We tested the hypotheses that
(i) aging is associated with a decline in lipid absorption in the
Fischer 344 rat; (ii) this decline can be corrected by manipulating
the fat composition of the diet; and (iii) the age- and diet-associ-
ated variations in lipid uptake are associated with changes in the
ileal lipid-binding protein (ILBP) or the intestinal or liver FA-bind-
ing proteins (I- or L-FABP, respectively) in the cytosol of the en-
terocyte. In rats fed SFA or PUFA, aging was associated with a de-
cline in the in vitro uptake of stearic acid (18:0) when expressed
on the basis of intestinal or mucosal weight. In contrast, age had
no effect on lipid uptake when expressed on the basis of serosal
surface area, whereas lipid uptake increased with age when ex-
pressed on the basis of mucosal surface area. The age-associated
variations in lipid uptake were not associated with changes in
protein abundance and/or expression of ILBP, I-FABP, or L-FABP.
In 24-mon-old rats, when uptake of lipids was expressed on the
basis of mucosal surface area, feeding PUFA enhanced lipid up-
take and body weight gain as compared with rats fed SFA. Future
studies must determine whether the enhanced lipid uptake and
body weight gain observed in older animals fed PUFA have any
therapeutic benefit.

Paper no. L9270 in Lipids 39, 343–354 (April 2004).

Developed nations are faced with the demographics of an
aging population. In Canada, over 12% of the population is
older than 64 yr, and this value is expected to grow by 2%
within 11 yr (1). Aging is associated with an increased preva-
lence of many conditions such as diabetes, heart disease, and
malnutrition (2,3). Some of these age-associated conditions
may benefit from dietary modification. However, little is
known about the influence of age on the effect of dietary lipid
modification on lipid nutrient absorption. 

Aging is associated with a decline in the absorptive capac-
ity of the small intestine for carbohydrates (4), amino acids
(5), calcium (6), and lipids (7–9). Alterations in the dietary
content of carbohydrates (10) and lipids (11) influence the ab-
sorptive function of the intestine. For example, young animals
fed diets rich in saturated FA (SFA) have increased intestinal
uptake of sugars and lipids when compared with animals fed
a PUFA-rich diet (11). 

The complexity of lipid absorption may make it highly
susceptible to the effects of aging (12). Such factors as the pH
of the microenvironment adjacent to the intestinal brush bor-
der membrane (BBM) (13), BBM fluidity (14), the effective
resistance of the unstirred water layer (UWL), and the contri-
bution of FA-binding proteins (FABP) may be subject to age-
associated alterations and affect the response of the intestine
to changes in dietary lipids. 

Several BBM-associated proteins (17) may also con-
tribute to lipid absorption in the intestine, such as the FABP
in the plasma membrane (FABPpm), the FA translocase
(FAT) (15), and FA transport protein-4 (FATP-4) (16). Cy-
tosolic-lipid binding proteins found in the intestinal epithe-
lium include the liver-FABP (L-FABP), the intestinal FA-
binding protein (I-FABP), and the ileal lipid-binding protein
(ILBP) (17). L-FABP is a 14.1-kDa protein located in the
duodenum and jejunum, with maximal expression in the
proximal jejunum (17). I-FABP is a 15.1-kDa protein that is
expressed throughout the small intestine, with maximal ex-
pression in the distal jejunum (18). It is likely that L-FABP
and I-FABP play different roles in the absorption of lipids.
For example, the FA transfer from I-FABP occurs by direct
collisional interaction with the phospholipid bilayer, and I-
FABP may play a role in the uptake or subcellular targeting
of FA (19). In contrast, L-FABP may transfer FA in an aque-
ous diffusion-mediated process, and may act as a cytosolic
buffer for FA (19). Both I-FABP and L-FABP have a high
affinity for binding long-chain FA. Rats treated with clofi-
brate (a hypolipidemic drug) have increased expression of
L-FABP protein and messenger RNA (mRNA), with no
change in the expression of the I-FABP counterparts (20).
The mRNA expression of I-FABP and L-FABP is increased
in rats fed a diet rich in polyunsaturated fats (21). ILBP is a
14-kDa cytoplasmic protein that binds bile acids (22), is
structurally related to the FABP family, and is located pre-
dominantly in the distal ileum (23). 
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The Fischer 344 (F344) rat is an established and widely
recognized rat model of aging; 64% of rat studies published
in U.S. aging journals have used this strain (24). It has been
described as a “healthy” model of aging, as it has a relatively
low incidence of spontaneous malignant tumors (25). This re-
duced mortality allows animals to have a lifespan of greater
than 24 mon, and helps to minimize the compounding effect
of diseases of the aging process.

This study was undertaken to test the hypotheses that (i)
aging is associated with a decrease in the absorption of lipids
in F344 rats; (ii) the decreased absorption of lipid is due to a
decline in the abundance of selected lipid-binding proteins
and/or the expression of their respective mRNA in the intes-
tine; and (iii) the age-associated decrease in lipid uptake can
be reversed by feeding a saturate-enriched rather than a
polyunsaturate-enriched diet. 

MATERIALS AND METHODS

Animals. The principles for the care and use of laboratory an-
imals, approved by the Canadian Council on Animal Care and
the Council of the American Physiological Society, were ob-
served in the conduct of this study. Male F344 rats, aged 1, 9,
and 24 mon, were obtained from the National Institute on
Aging (Bethesda, MD) colony and Harlan Laboratories
(Madison, WI). Pairs of rats were housed at a temperature of

21°C, with 12 h of light and 12 h of darkness. Water and food
were supplied ad libitum. There were 8 animals in each
group.

Animals were fed standard Purina® rat chow (St. Louis,
MO) for 1 wk and then were fed for 2 wk a semipurified diet
containing 20% (w/w) fat and enriched with either SFA or
PUFA (Tables 1, 2). The isocaloric semipurified diets were
nutritionally adequate, providing for all known essential nu-
trient requirements. Animal weights were recorded weekly
during the study period. 

Uptake studies. (i) Probe and marker compounds. The
[14C]-labeled probes included cholesterol (0.05 mM) and FA
12:0, 16:0, 18:0, 18:1, 18:2, and 18:3 (0.1 mM). The labeled
and unlabeled probes were supplied by Amersham Bio-
sciences Inc. (Baie d’Urfe, Québec, Canada) and Sigma Co.
(St. Louis, MO), respectively. The probes were prepared by
solubilizing them in 10 mM of taurodeoxycholic acid (Sigma
Co.) in Krebs-bicarbonate buffer, with the exception of 12:0,
which was solubilized in only Krebs-bicarbonate buffer.
[3H]Inulin was used as a nonabsorbable marker to correct for
the adherent mucosal fluid volume. 

(ii) Tissue preparation. Eight animals per treatment group
were sacrificed by an intraperitoneal injection of Euthanyl®

(sodium pentobarbitol, 240 mg/100 g body weight). The
whole length of the intestine was rapidly removed and rinsed
with 150 mL cold saline. The proximal third of the small in-
testine, beginning at the ligament of Treitz, was termed the
jejunum, and the distal third was termed the ileum; the mid-
dle third was discarded. The intestine was opened along its
mesenteric border, and pieces of the segment were cut and
mounted as flat sheets in the transport chambers. A 5-cm
piece of each segment of jejunum and ileum was gently
scraped with a glass slide to determine the percentage of the
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TABLE 1
FA Composition of the Semisynthetic Diets

Diet enriched with Diet enriched 
FA (% of total) saturated FA (SFA) with PUFA

14:0 1.8 0.1
14:1n-9 0.0 0.0
15:0 0.2 0.0
16:0 21.8 5.5
16:1n-7 0.0 0.1
18:0 61.1 5.2
18:1n-9 2.8 16.3
18:1n-7 0.1 0.2
18:2n-6 9.6 69.2
18:3n-3 0.0 0.8
18:3n-6 0.0 0.1
18:4n-3 0.0 0.0
19:0 0.2 0.0
20:0 1.5 0.2
20:1n-9 0.0 0.3
20:1n-7 0.1 0.3
20:2n-6 0.1 0.2
20:3n-9 0.1 0.2
20:3n-6 0.0 0.0
20:4n-6 0.0 0.0
20:5n-3 0.0 0.3
22:0 0.0 0.4
22:1n-9 0.0 0.0
22:1n-7 0.3 0.3
22:4n-6 0.0 0.1
22:5n-6 0.0 0.0
22:5n-3 0.1 0.1
24:0 0.1 0.1
22:6n-3 0.1 0.0

TABLE 2
Macronutrient Composition of the Semisynthetic Diets

Ingredient Concentration (g/kg diet)

Fata,b 200.00
Cornstarch 378.00
Casein 270.50
Nonnutritive fiber 80.00
Vitamin mixc 10.00
Mineral mixd 50.00
L-Methionine 2.50
Choline 2.75
Inositol 6.25
aBeef tallow was obtained from Canamera Foods (Edmonton, Alberta,
Canada).
bSafflo sunflower oil was obtained from Unico (Concord, Ontario, Canada).
cAOAC vitamin mix (Teklad Test Diets, Madison, WI) provided the follow-
ing per kilogram of complete diet: 20,000 IU of vitamin A; 2,000 IU of vita-
min D; 100 mg of vitamin E; 5 mg of menadione; 5 mg of thiamine-HCl; 8
mg of riboflavin; 40 mg of pyridoxine-HCl; 40 mg of niacin; 40 mg of pan-
tothenic acid; 2000 mg of choline; 100 mg of myoinositol; 100 mg of p-
aminobenzoic acid; 0.4 mg of biotin; 2 mg of folic acid; and 30 mg of vita-
min B12.
dThe Bernhart Tomarelli mineral mix (General Biochemicals, Chagrin Falls,
OH) was modified to provide 77.5 mg of Mn and 0.06 mg Se per kilogram
of complete diet.



intestinal wall composed of mucosa. The chambers were
placed in preincubation beakers containing oxygenated
Krebs-bicarbonate buffer (pH 7.2) at 37°C, and the tissue
disks were preincubated for 15 min to allow the tissue to equil-
ibrate at this temperature. The rate of uptake of lipids was
determined from the timed transfer of the transport chambers
to the incubation beakers containing [3H]inulin and 14C-
labeled probe molecules in oxygenated Krebs-bicarbonate
(pH 7.2, 37°C). Preincubation and incubation chambers were
mixed with circular magnetic bars at identical stirring rates,
which were precisely adjusted using a strobe light. Stirring
rates were reported as rpm. A stirring rate of 600 rpm was se-
lected to achieve low effective resistance of the intestinal
UWL (26,27).

(iii) Determination of uptake rates. After incubation of the
disks in labeled solutions for 6 min, each experiment was ter-
minated by removing the chamber and rinsing the tissue in
cold saline for approximately 5 s. The exposed mucosal tis-
sue was then cut out of the chamber with a circular steel
punch, placed on a glass slide, and dried overnight in an oven
at 55°C. The dry weight of the tissue was determined, and the
tissue was transferred to a scintillation counting vial. The
samples were saponified with 0.75 M NaOH, scintillation
fluid was added, and radioactivity was determined by means
of an external standardization technique to correct for vari-
able quenching of the two isotopes (26). 

The rates of uptake were determined as nmol·(100 mg mu-
cosal tissue−1)·min−1, nmol·(cm−2 serosal surface area)·min−1,
and nmol·(cm−2 mucosal surface area)·min−1.

Morphology, protein, and messenger RNA analysis. (i) Tis-
sue preparation. For Northern blotting, morphological analy-
sis, and immunohistochemistry, a second group of animals
was raised and sacrificed similarly as for the uptake studies.
A 5-cm portion of proximal jejunum and distal ileum was
quickly harvested following rinsing, snap-frozen in liquid ni-
trogen, and stored at −80°C for later mRNA isolation. The re-
maining intestine was opened along the mesenteric border.
Two 1-cm pieces of each section were mounted on a styro-
foam block and were preserved in 10% formalin for later
paraffin block mounting to be used in the morphological and
immunohistochemical analyses.

(ii) Morphological analysis. To determine the surface area
of the intestine based on its 3-D architecture, a transverse and
a vertical section were prepared for the jejunum and ileum.
Hematoxylin-stained slides were prepared from paraffin
blocks. Crypt depth and villous height, as well as villous
width, depth, and density were measured. The measurements
of villous height, villous width at half height, villous width at
base, and crypt depth were obtained from vertical sections.
The measurement of villous depth was obtained from trans-
verse tissue sections. Group means were obtained based on
10 villi and 20 crypts per slide, with a minimum of 4 animals
in each group. A published method was used to calculate the
mucosal surface area (28,29). Mean values and SE of the
mean were used for statistical analyses.

(iii) Immunohistochemistry. Jejunal and ileal tissues were

embedded in paraffin, and 4–5-µm sections were mounted on
glass slides. The sections were heated and placed immedi-
ately in the following solutions: xylene (3 × for 5 min each),
absolute ethanol (3 × for 2 min each), 90% ethanol (1 min),
and 70% ethanol (1 min), followed by a tap water rinse.
Slides were incubated in hydrogen peroxide/methanol solu-
tion, rinsed, and counterstained with Harris hematoxylin
(7.5%; Sigma Diagnostics, St. Louis, MO). Slides were then
air-dried, and the tissue was encircled with hydrophobic slide
marker (PAP pen; BioGenex, San Ramon, CA). Slides were
rehydrated and then incubated for 15 min in blocking reagent
(20% normal goat serum) followed by primary antibody to
ILBP or I-FABP for 30 min. Slides were incubated in LINK®

and LABEL® and working DAB® solution. Slides were
washed, restained in hematoxylin, dehydrated in absolute
ethanol, and cleared in xylene.

The slides were photographed, and the antibody density
along the crypt-villous axis was determined by densitometry.
The results were expressed as a ratio of density of the anti-
body-positive preparation vs. antibody-negative preparation.
Statistical analyses were based on a minimum of 4 villi per
animal and 3 animals per group. 

(iv) RNA isolation. The intestinal pieces (minimum of 6
animals per group) were homogenized in a denaturing solu-
tion containing guanidinium thiocyanate, using a Fast Prep
cell disruptor (Savant Instruments Inc., Holbrook, NY). After
addition of 2 M sodium acetate, a phenol chloroform extrac-
tion was performed. The upper aqueous phase containing the
RNA was collected. RNA was precipitated with isopropanol
overnight at −80°C, with a final wash with 70% ethanol. The
concentration and purity of RNA were determined by spec-
trophotometry at 260 and 280 nm. Samples were stored at
−80°C.

(v) Preparation of probes for Northern blotting. DH5α
bacteria were transformed and plasmid isolation was carried
out using a Boehringer Mannheim High Pure Plasmid Isola-
tion Kit. To make cDNA probes, the DNA insert was cut by
two specific restriction enzymes (Life Technologies, Grand
Island, NY). A digoxigenin (DIG)-labeled nucleotide (Roche
Diagnostics, Québec, Canada) was incorporated during the in
vitro DNA synthesis using the Klenow fragment of a DNA
polymerase (Roche Diagnostics, Québec, Canada).

Fifteen (15) micrograms of total RNA was loaded and
electrophoresed for 5 h at 100 V (HLB12 Complete Horizon-
tal Long Bed Gel System; Tyler, Edmonton, Canada) in a de-
naturing agarose gel (1% agarose, 0.66 M formaldehyde gel).
Capillary diffusion was used to transfer the RNA to a nylon
membrane (Roche Molecular Biochemicals, Mannheim, Ger-
many), and RNA was fixed to the membrane by baking at
80°C for 2 h. Membranes were hybridized with the DIG-la-
beled probe according to the manufacturer’s protocol (Roche
Diagnostics, Québec, Canada). Detection of the bound anti-
body was performed using CDP-STAR chemiluminescent
substrate (Roche Diagnostics, Québec, Canada), and mem-
branes were exposed to X-ray films (X-Omat; Kodak,
Rochester, NY).
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The density of the mRNA bands was determined by trans-
mittance densitometry (model GS-670, imaging densitome-
ter; Biorad Laboratory, Mississauga, Canada). Quantification
of the 28 S ribosomal units from the membranes was used to
account for possible loading discrepancies.

Expression of results. The results were expressed as mean
± SE of the mean, as determined using Lotus 1-2-3. To deter-
mine the effects of age, diet, and age × diet interactions, the
data were analyzed using a two-way ANOVA (P < 0.05). In-
dividual differences between ages were determined using a
Student–Neuman–Keuls multiple range test. Statistical sig-
nificance was accepted for values of P ≤ 0.05.

RESULTS

Animal characteristics. In rats fed SFA or PUFA, the rate of body
weight change fell between 1 and 9 and between 1 and 24 mon
(Fig. 1). When examining body weight changes over the course
of the study, 9- and 24-mon-old rats maintained their weights,
whereas 1-mon-old rats gained weight over the 2-wk period, as
expected (Fig. 2). At each age the PUFA diet was associated with
greater weight gain than the SFA diet. Food intake was not influ-
enced by the age of the rats, regardless of whether they were fed
SFA or PUFA (data not shown). When food intake was ex-
pressed per gram body weight, 1-mon-old rats had significantly
higher food intakes than did 9- or 24-mon-old rats (Fig. 3). In
addition, 1-mon-old rats fed PUFA ate significantly more per
gram body weight than did 1-mon-old animals fed SFA.

In the jejunum, neither age nor diet had an effect on the
weight of the intestine, the weight of the intestinal mucosa, or
the percentage of the intestinal wall comprised of mucosa
(Table 3). In rats fed SFA, the ileal weight was higher at 9 and
24 mon when compared with 1 mon. In rats fed PUFA, the
ileal weight was lower at 9 and 24 mon when compared with
1 mon. Therefore, the weight of the mucosa had to be taken
into account when expressing the rate of uptake of the lipids.

There were no differences in the heights of the villi of the
jejunum or ileum of rats aged 1, 9, or 24 mon (data not
shown). In animals fed SFA, the jejunal and ileal mucosal sur-
face areas were lower at 9 and 24 mon as compared with 1
mon (Fig. 4). In those fed PUFA, the jejunal surface area was
lower at 24 as compared with 1 and 9 mon, and the ileal mu-
cosal surface area was lower at 24 and 9 mon as compared
with 1 mon. In the jejunum, diet had no effect on the mucosal
surface area at 1, 9, or 24 mon. In contrast, in the ileum the
surface area was lower in 1-mon-old animals fed PUFA as
compared with SFA.
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FIG. 1. Effect of age and dietary lipids on body weight change in Fisch-
er 344 (F344) rats. Values are mean ± SEM. The data were analyzed
using a two-way ANOVA. Different letters denote a significant age ef-
fect, and an asterisk (*) denotes a significant diet effect [saturated FA
(SFA) vs. PUFA] (P ≤ 0.05; n = 14). There was no significant age × diet
interaction.

FIG. 2. Effect of age and diet on F344 rat body weights over time. (● ,
▼, ■ ) PUFA-fed animals; (●● , ▼▼, ■■ ) SFA-fed animals. Animals fed for 1
(● , ●● ), 9 (▼, ▼▼), and 24 mon (■ , ■■ ). For abbreviations see Figure 1.

FIG. 3. Effect of age and dietary lipids on daily food intake per gram of
body weight in F344 rats. Values are mean ± SEM. The data were ana-
lyzed using a two-way ANOVA. Different letters denote a significant
age effect, and an asterisk (*) denotes a significant diet effect [SFA (solid
bar) vs. PUFA (shaded bar)] (P ≤ 0.05; n = 14). There was no significant
age × diet interaction. For abbreviations see Figure 1.



The rate of uptake was initially expressed on the basis of
the weight of the mucosa (nmol·100 mg mucosal tissue−1·min−1)
(Figs. 5, 6). In animals fed SFA, there was reduced jejunal up-
take of 18:0 between 1 and 9 mon (Fig. 5). Feeding SFA was
associated with reduced ileal uptake of 18:0 between 1 and
24 mon (Fig. 6). Feeding PUFA increased the ileal uptake of
18:3 between 1 and 24 mon. The ileal uptake of 18:3 was
higher in PUFA than in SFA in 24-mon-old animals.

In rats fed SFA, the jejunal uptake of lauric acid (12:0) was
not affected by age, whereas the ileal uptake of 12:0 was
lower at 9 vs. 1 or 24 mon (data not shown). In animals fed
PUFA, there was an increase in jejunal and ileal uptake of
12:0 between 24 and 1 or 9 mon.

Aging had no effect on lipid uptake in animals fed SFA or
PUFA when expressed on the basis of serosal surface area
(data not shown). Because the mucosal surface area of the in-
testine fell with age in animals fed SFA and PUFA (Fig. 4),
the rate of uptake was also expressed on the basis of the mu-
cosal surface area (nmol·cm−2·min−1). In animals fed SFA,
there was increased jejunal uptake of 18:1 and cholesterol be-
tween 1 and 24 mon. In animals fed PUFA there was in-
creased jejunal uptake of 18:2 at 24 mon when compared with
1 or 9 mon (Fig. 7). In the ileum of rats fed SFA, there was
increased uptake of 18:0, 18:2, and cholesterol between 1 and
9 mon. In animals fed PUFA, there was increased ileal uptake
of 16:0, 18:3, and cholesterol (Fig. 8). Only at 9 mon was the
ileal uptake of cholesterol higher with SFA as compared with
PUFA. Otherwise, at 24 mon the ileal uptake of 16:0, 18:3,
and cholesterol was higher in PUFA than in SFA.

Intestinal lipid-binding proteins. In rats fed SFA, the ex-
pression of L-FABP mRNA in the jejunum was higher at 24

mon than at 1 or 9 mon (data not shown). ILBP mRNA ex-
pression in the ileum was not significantly affected by age in
animals fed SFA or PUFA (data not shown). The abundance
of ILBP protein was unaffected by age or by diet, and the
abundance of I-FABP protein also was unaffected by age or
by diet when measured by Western blot (data not shown).
When the I-FABP protein abundance was examined using im-
munohistochemistry, jejunal I-FABP protein was not signifi-
cantly affected by age or diet (Figs. 9, 11). In the ileum of
SFA-fed animals, I-FABP protein increased at 24 mon com-
pared with 9 mon. 

The abundance of ILBP protein in the ileum as determined
by immunohistochemistry was not affected by age or diet in
SFA-fed animals but increased at 9 and 24 mon as compared
with 1 mon in PUFA-fed animals. In 1-mon animals the
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TABLE 3
Effect of Agea and Dietb on Intestinal Weights

Tissue weight Mucosal weight
(mg/cm) (mg/cm) % Mucosa

Jejunum
1 mon

SFA 8.8 ± 0.9 4.6 ± 0.7 51.7 ± 3.7
PUFA 10.1 ± 1.4 5.5 ± 0.9 55.0 ± 6.2

9 mon
SFA 12.5 ± 0.5 6.3 ± 0.6 50.6 ± 3.7
PUFA 11.2 ± 0.8 5.9 ± 1.0 51.8 ± 6.2

24 mon
SFA 13.6 ± 2.1 7.2 ± 1.5 51.4 ± 3.6
PUFA 10.5 ± 1.1 5.6 ± 0.8 51.2 ± 3.4

Ileum
1 mon

SFA 6.8 ± 0.6 a* 3.1 ± 0.5 45.6 ± 5.0
PUFA 9.4 ± 0.8 a 4.7 ± 0.7 49.9 ± 5.3

9 mon
SFA 10.4 ± 1.9 b 5.6 ± 1.1 51.4 ± 3.6
PUFA 7.6 ± 1.1 b 3.9 ± 1.0 48.8 ± 5.4

24 mon
SFA 8.5 ± 0.9 a 4.2 ± 0.7 49.3 ± 4.0
PUFA 5.4 ± 1.1 b 2.9 ± 0.7 42.8 ± 8.9

aDifferent letters denote a significant age effect (P < 0.05).
bAn asterisk (*) denotes a significant diet effect (SFA vs. PUFA) (P < 0.05)
(n = 8). For abbreviation see Table 1.

FIG. 4. Mucosal surface area of the small intestine in SFA- and PUFA-
fed F344 rats. Values are mean ± SEM. The data were analyzed using a
two-way ANOVA. Different letters denote a significant age effect, and
an asterisk (*) denotes a significant diet effect [SFA (solid bar) vs. PUFA
(shaded bar)] (P ≤ 0.05; n = 14). There was no significant age × diet in-
teraction. For abbreviations see Figure 1.



PUFA diet decreased the abundance of ILBP as compared
with those fed SFA (Fig. 10).

DISCUSSION

Throughout the course of the 2-wk feeding period, 1-mon-old
animals gained weight, as expected. Animals fed SFA, how-
ever, gained less weight than did animals fed PUFA (Fig. 1).
The 9- and 24-mon-old animals fed SFA lost weight. The de-
cline in body weight that typically begins at 18 mon in the
F344 rat may represent a period of functional decline for the

animal, marked by the onset of pathologies such as leukemia
and pituitary adenoma (30). The PUFA diet influenced this
period by preventing weight loss in older animals (Fig. 3). In
senescence-accelerated mice a safflower-enriched diet (low
n-3/n-6 ratio) increased mean life span from 357 to 426 d over
perilla oil (high n-3/n-6 ratio)-fed animals. However, in the
safflower-fed group, the incidence of tumors was higher, as
were the serum total cholesterol, HDL cholesterol, TAG, and
phospholipids levels (31). The short- and long-term effects of
feeding a PUFA-enriched diet compared with a SFA-enriched
diet on disease and life span in the F344 rat are not known.
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FIG. 5. Jejunal uptake of FA and cholesterol expressed as nmol·100 mg mucosal tissue−1·min−1. Values are mean ±
SEM. The data were analyzed using a two-way ANOVA. Different letters denote a significant age effect (P ≤ 0.05)
(n = 8). There was no significant age × diet interaction. SFA, solid bars; PUFA, shaded bars. For abbreviation see
Figure 1.



However, the short-term feeding of a PUFA diet may provide
a therapeutic option to mitigate weight loss associated with
aging. 

The simplest way of expressing the rate of in vitro uptake
of nutrients is on the basis of the weight of the full thickness
of the intestine. However, if a treatment alters the weight of
the intestine (Table 3) or surface area of the intestine (Fig. 4),
then there may be variations in the rate of nutrient uptake that
are understandable in the light of there simply being more
mucosal tissue or more surface area. For this reason, it is also
appropriate to express uptake on the basis of these factors,

rather than simply the weight of the intestinal wall. It is still
possible, of course, that nutrient uptake may change without
an alteration in the mucosal mass or villous surface area, with
uptake adapting to a modification in the distribution of trans-
porters along the villus or a variation in the BBM permeabil-
ity. For example, aging is associated with a decline in the je-
junal uptake of 18:0 when expressed on the basis of mucosal
weight (Fig. 5), but is increased when expressed on the basis
of mucosal surface area (Fig. 7). Thus, the interpretation of
the influence of age on intestinal uptake of lipids depends on
the method used to express the results. 
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FIG. 6. Ileal uptake of FA and cholesterol expressed as nmol·100 mg mucosal tissue−1·min−1. Values are mean ±
SEM. The data were analyzed using a two-way ANOVA. Different letters denote a significant age effect, and an as-
terisk (*) denotes a significant diet effect (SFA vs. PUFA) (P ≤ 0.05) (n = 8). There was no significant age × diet inter-
action. SFA, solid bars; PUFA, shaded bars. For abbreviation see Figure 1.



The passive uptake of lipids across the BBM may be af-
fected by membrane fluidity and by the pH microenvironment
adjacent to the BBM (13,32). Previous work suggests that the
lipid composition of the BBM may contribute to alterations
in lipid uptake (33). There is an age-associated decrease in
BBM fluidity (14), which could contribute to the altered lipid
absorption with aging. The low pH of the microenvironment
adjacent to the BBM increases the bile acid critical-micellar
concentration, resulting in a dissociation of lipids from bile
acid micelles (13). In aging there is an increase in the pH of the
microenvironment, which would contribute to reduced
absorption in aging (34). Measurements of the pH of the mi-
croenvironment and the BBM composition were not analyzed
in this study.

The uptake of 12:0 is a reflection of the effective resistance
of the UWL, with higher uptake reflecting lower resistance
(7,26). In PUFA-fed animals the uptake of 12:0 at 24 mon in
the jejunum and ileum was higher than at 9 or 1 mon (data not
shown), indicating lower UWL, and yet the uptake of most
lipids except 18:0 was unchanged (Figs. 5, 6). This suggests
that the age-associated alterations in lipid uptake could not be
explained by alterations in UWL.

The reduced lipid absorption in aging (when expressed on
the basis of mucosal weight) could not be explained by alter-
ations in the protein abundance or mRNA expression of the
lipid binding proteins. In I-FABP knockout mice, FA uptake
is maintained, demonstrating that the I-FABP protein is not
required for intestinal lipid uptake (35). In the jejunum of rats
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FIG. 7. Jejunal uptake of FA and cholesterol expressed on the basis of mucosal surface area. Values are mean ±
SEM. The data were analyzed using a two-way ANOVA. Different letters denote a significant age effect (P ≤ 0.05)
(n = 8). There was no significant age × diet interaction. SFA, solid bars; PUFA, shaded bars. For abbreviation see
Figure 1.



fed SFA or PUFA, the rate of uptake of 18:0 was reduced in
the 24-mon group as compared with the 1-mon group (Fig.
5), yet the expression of L-FABP mRNA was increased in
SFA but not in PUFA (data not shown), ILBP protein was in-
creased in PUFA but not SFA (Fig. 10), and ILBP mRNA was
unchanged (data not shown). Although we do not have data
on I-FABP mRNA, in SFA jejunal I-FABP protein was un-
changed (Fig. 9), whereas reductions in lipid uptake were ob-
served in both the 9- and the 24-mon group as compared with
the 1-mon group (Fig. 5). In the ileum, I-FABP protein was
increased in SFA and was unchanged in PUFA and did not re-
flect changes in uptake. However, it is possible that dietary
fat may influence the abundance of other lipid-binding pro-
teins in the enterocyte, which may play a role in lipid uptake.

Other proteins may also be key regulators of lipid absorption,
such as the FATP-4 (16) or the FAT in the BBM of enterocytes
(15). The mRNA expression of I-FABP and L-FABP is in-
creased in rats fed a diet rich in polyunsaturated fats (21). The
mechanism by which dietary lipids modulate lipid uptake
may involve their effect on peroxisome proliferator-activated
receptors (PPAR). PPAR can be activated by FA or FA deriv-
atives (36). PUFA metabolites, such as eicosanoids, have a
high affinity for PPARα, making them particularily potent ac-
tivators of PPAR-dependent genes (37).

Once activated, PPAR regulate many genes involved in
lipid metabolism and transport. FAT and FATP are regulated
by PPAR agonists (38–40), and both I-FABP and L-FABP
mRNA expression may be regulated by the PPARα activator

LIPID ABSORPTION, DIETARY FAT, AND AGING 351

Lipids, Vol. 39, no. 4 (2004)

FIG. 8. Ileal uptake of FA and cholesterol expressed on the basis of mucosal surface area. Values are mean ± SEM.
Different letters denote a significant age effect (P ≤ 0.05), and an asterisk (*) denotes a significant diet effect (SFA vs.
PUFA) (P ≤ 0.05) (n = 8). There were significant age × diet interactions for 16:0, 18:0, 18:2, and cholesterol (P <
0.05). SFA, solid bars; PUFA, shaded bars. For abbreviation see Figure 1.



Wy14,643 (41). In this study we have not demonstrated dif-
ferences in L-FABP mRNA levels in PUFA- when compared
with SFA-fed rats. We may speculate that PUFA-induced
changes in other lipid-binding proteins, such as I-FABP, FAT,
or FATP, may explain the differences in uptake observed be-
tween PUFA- and SFA-fed animals.

It has also been suggested that the rate-limiting step in
lipid absorption is the formation of a prechylomicron trans-
port vesicle in the endoplasmic reticulum (42). Thus, we can-
not dismiss the possibility that some lipid-binding proteins
not assessed in this study may play some role in the control
of lipid uptake in aging and in association with variations in
dietary lipids.

Others have also suggested that the intestine of the older
animal may be less capable of adapting in response to changes
in the composition of the diet. (4,43,44). Previous work in
young rats has shown an increase in the rate of uptake of
lipids, cholesterol, and carbohydrates in animals fed an SFA-
enriched diet (11,45). When uptake was expressed on the
basis of mucosal weight, the uptake of lipids in 24-mon-old

rats was similar in SFA- and PUFA-fed animals (Figs. 5, 6).
When the rates of uptake were expressed on the basis of mu-
cosal surface area, the ileal uptakes of 16:0, 18:3, and choles-
terol were higher with PUFA than with SFA (Fig. 8). Thus,
the older animals maintain the ability to modify lipid uptake
in response to variations in the lipids in the diet. This may
partially explain the lower weight loss in rats fed PUFA as
compared with SFA (Fig. 1). Thus, the possible use of PUFA
diets to reduce lipid uptake in younger animals may have the
opposite effect on older rats. Clearly, the nature of intestinal
adaptation observed in young rats does not necessarily apply
in older animals. Future studies must determine whether the
enhanced lipid uptake and body weight gain observed in older
animals fed PUFA has any therapeutic benefit. 

Aging is associated with changes in lipid uptake in the je-
junum and ileum. However, the direction of these changes is
dependent on the method used to calculate the uptake. Al-
though the ileum does not compensate for the loss of function
of the jejunum in aging, the ileum of old rats does demon-
strate a higher degree of adaptive response to alterations in
dietary fat than the jejunum. Old animals adapt differently to
alterations in dietary fat compared with young animals, with
a PUFA diet resulting in increased absorptive function in old
animals and an SFA diet in increased absorption in younger
animals. Changes in lipid uptake were not explained by the
mRNA expression of L-FABP or ILBP. In aging, the reduced
uptake of some dietary fats is associated with a concomitant
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FIG. 9. Abundance of intestinal FA-binding protein (I-FABP) as deter-
mined by immunohistochemistry. Values are mean ± SEM. The data
were analyzed using a two-way ANOVA. Different letters denote a sig-
nificant age effect (P ≤ 0.05) (n = 3). There was no significant age × diet
interaction. SFA, solid bars; PUFA, shaded bars. For abbreviation see
Figure 1.

FIG. 10. Abundance of ileal lipid-binding protein as determined by im-
munohistochemistry. Values are mean ± SEM. The data were analyzed
using a two-way ANOVA. Different letters denote a significant age ef-
fect, and an asterisk (*) denotes a significant diet effect (SFA vs. PUFA)
(P ≤ 0.05) (n = 3). There was no significant age × diet interaction. SFA,
solid bars; PUFA, shaded bars. For abbreviation see Figure 1.



decline in the abundance in ILBP. However, dietary fat influ-
ences the abundance of I-FABP and ILBP differently, without
a clear correlation with changes in lipid uptake. It is specu-
lated that aging and dietary fat may alter lipid uptake via al-
ternative mechanisms. 
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ABSTRACT: The concentrations of CLA isomers were deter-
mined by Ag+-HPLC in the milk fat of cows fed a control diet
consisting of hay ad libitum and 15 kg of fodder beets or this
diet supplemented with oilseeds containing either high levels of
oleic acid (rapeseed), linoleic acid (sunflower seed), or α-
linolenic acid (linseed). Highly significant (P ≤ 0.001) correla-
tions were found between the daily intakes of oleic acid and the
concentration of the CLA isomer trans-7,cis-9 in milk fat; of
linoleic acid and the CLA isomers trans-10,trans-12, trans-
9,trans-11, trans-8,trans-10, trans-7,trans-9, trans-10,cis-12, cis-
9,trans-11, trans-8,cis-10, and trans-7,cis-9; and of α-linolenic
acid and the CLA isomers trans-12,trans-14, trans-11,trans-13,
cis,trans/trans,cis-12,14, trans-11,cis-13, and cis-11,trans-13.
CLA concentrations were also determined in the milk fat of
cows grazing in the lowlands (600–650 m), the mountains
(900–1210 m), and the highlands (1275–2120 m). The concen-
trations of many isomers were highest in milk fat from the high-
lands, but only three CLA isomers (cis-9,trans-11, trans-11,cis-
13, and trans-8,cis-10) showed a nearly linear increase with ele-
vation. Therefore, these three CLA isomers, and particularly the
CLA isomer trans-11,cis-13, the second-most important CLA in
milk fat from cows grazing at the three altitudes, could be use-
ful indicators of milk products of Alpine origin.

Paper no. L9439 in Lipids 39, 355–364 (April 2004).

Unsaturated FA (UFA) are generally converted in the rumen
of the cow to saturated FA within a short time through rumi-
nal biohydrogenation, but the extent of lipolysis and biohy-
drogenation in the rumen decreases with increasing amounts
of substrate (1). Many trans-FA are found in the ruminal fluid
(2) and milk fat (3), and these are believed to originate from
double-bond migration or alternative pathways of biohydro-
genation (4). These trans FA are precursors of CLA, a collec-
tive term for several conjugated isomers of linoleic acid (5–7).

CLA consists of a collection of positional and geometrical
isomers of octadecadienoic acid, with conjugated double
bonds ranging from 6,8 to 12,14. For every positional isomer,

four geometric pairs of isomers are possible (i.e., cis,trans;
trans,cis; cis,cis; and trans,trans). CLA therefore includes 28
positional and geometrical isomers, of which only cis-9,
trans-11, trans-10,cis-12, and trans-9,trans-11 have thus far
been proven to have biological activities (8–12). Individual
CLA isomers have exhibited different biological activities in
animal and cancer cell studies. For example, Corl et al. (9)
showed that the cis-9,trans-11 CLA isomer can reduce cancer
risk in rats, and Park et al. (10) reported that the trans-10,cis-12
isomer was more effective for the reduction of mouse body
fat than the cis-9,trans-11 CLA isomer. The trans-10,cis-12
CLA isomer was also found to inhibit cell growth and secre-
tion of insulin-like growth factor-II in Caco-2 cells (11). In
addition, current studies show that a mixture of trans,trans
CLA isomers, mainly composed of trans-10,cis-12 and trans-
9,trans-11 isomers, exhibited stronger cytotoxicity against
NCI-N87 gastric cancer cells than cis,trans/trans,cis CLA
isomers by inhibiting proliferation and modulating arachi-
donic acid metabolism (12). These suggest that the biological
activities of all individual CLA isomers must be evaluated.

The content of CLA in milk fat can vary widely (about 3
to 25 mg g−1 fat) (8,13–15). The underlying factors resulting
in this variation are predominantly related to the diet, to the
methods of raising ruminants (16), and also to animal varia-
tion (17,18). Feeding of rapeseed, soybean, or linseed oils
(19,20); rapeseed press cake; full-fat rapeseed or oil-rich
rapeseed cake (21); extruded soybeans and fish oil, fed alone
or in combination (22); marine oils (23); or a patented high-
fat diet (24) has been shown to increase the concentration of
CLA in milk fat. Also, the milk fat of cows grazing in the
Alps is extraordinarily rich in total CLA (19.20 to 28.70 mg
g−1 fat) (13), which is also true for Alpine cheese (25). Col-
lomb et al. (26) correlated the FA in milk fat with botanical
families and individual plant species. The percentage of three
species [Leontodon hispidus, Lotus corniculatus (and alpina),
and Trifolium pratense] correlated positively with the con-
centrations of CLA and monounsaturated trans 18:1 FA in
milk fat. In the majority of studies, only the cis-9,trans-11 and
trans-10,cis-12 CLA isomers have been used, and only a few
publications have dealt with the occurrence of other CLA iso-
mers in milk (27–29). Our knowledge of the variation of iso-
mer distribution in ruminant fat is therefore limited. 

The aim of the present experiments was to evaluate varia-
tions in the distribution of CLA isomers in milk fat from cows
fed either a control diet (CD) consisting of hay ad libitum and
15 kg of fodder beets or the CD supplemented with ground
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oilseeds containing a high concentration of either oleic (rape-
seed), linoleic (sunflower seed), or α-linolenic acid (linseed).
In a second study, we analyzed the CLA isomer distribution
in milk fat from cows grazing at three altitudes. Comparisons
were made between the results obtained from the two studies.

MATERIALS AND METHODS

Aim and approach. The composition of the CLA isomers in
deep-frozen milk fats (−20°C) originating from two previous
studies (13,14,30,31) was analyzed using silver-ion HPLC
(Ag+-HPLC). GC results of the FA composition of these milk
fats has already been published (13,14).

Briefly, the first study (14) dealt with the impact of a CD
consisting of hay fed ad libitum and 15 kg of fodder beets
supplemented with each of three ground oilseeds on the FA
composition of the milk fat. Thirty-three cows of the breeds
Red Holstein, Holstein, and Brown Swiss were included. All
animals were fed the CD for 2 wk. From week 3 to 4, the
cows were divided into three groups, and the CD was supple-
mented daily with either 1.0 kg of ground rapeseed (RAP1
diet) [0.92 kg dry matter (DM)], sunflower seed (SUN1 diet)
(0.95 kg DM), or linseed (LIN1 diet) (0.87 kg DM). From
week 5 to 6, the amount of either sunflower seed or linseed
oil increased by 0.4 kg to 1.27 (SUN1.4 diet) or 1.24 kg DM
d−1 (LIN1.4 diet), respectively. The diets were supplemented
with a cereal mix and a protein concentrate based on the av-
erage milk yield, milk content, animal body weight, and feed
intake of the previous week. Table 1 presents the concentra-
tions of fat, the predominant UFA in the three oilseeds, and
the daily intake of UFA in the diets of cows.

The second study (13,30,31) dealt with the impact on the
FA composition of milk fat of the fodder plants on which
cows grazed in the lowlands (600–650 m), mountains
(900–1210 m), and highlands (1275–2120 m) of Switzerland
(13). In this investigation, Simmental × Red Holstein cows
(45 to 50 cows in the lowlands, four to six herds of 10 to 30
cows in the mountains, and 57 to 88 cows in the highlands)
were included. Twelve observations per site were carried out
on the three vegetation sites: two sites in the highlands

(pooled into a single zone, since their FA compositions did
not differ significantly), one site in the mountains, and one
site in the lowlands over a period of 3.5 mon (from June to
mid-September). 

Sample selection. From the first study, we analyzed 10
milk fats from individual cows fed the CD and 10 milk fats
from individual cows fed the CD supplemented with oilseeds
(five variants) by Ag+-HPLC. From the second study, 10 sum-
mer mixed milk fats from each of three altitudes were ana-
lyzed by the same method. In total, 90 milk fats were ana-
lyzed.

Sample treatment. The milk samples were centrifuged, and
the resulting creams were churned at ca. 5°C (32). After the
resulting molten butter had been filtered through a hydropho-
bic filter (Schleicher Schuell no. 597 HY 1/2), the pure milk
fat was collected. Fat from cheese samples was extracted in
accordance with an IDF standard. All milk fats were frozen
and stored at −20°C until analysis.

Methods of analysis. (i) Methylation. The milk fat was dis-
solved in hexane, and the glycerides were transesterified to
the corresponding FAME by a solution of potassium hydrox-
ide in methanol in accordance with an ISO standard (33).

(ii) GC analysis. FAME were analyzed according to Col-
lomb and Bühler (34) using an Agilent 6890 gas chromato-
graph equipped with an on-column injector and an FID. The
FA were separated on a CP-Sil 88 capillary column (100 m ×
0.25 mm i.d. × 0.20 µm; Varian BV, Middelburg, The Nether-
lands) and quantified using nonanoic acid as an internal stan-
dard. The results were expressed in absolute values, as mil-
ligrams of FA (and not as esters) per gram of fat. 

(iii) Ag+-HPLC analysis. The methyl esters of cis-9,trans-11
(98%), trans-10,cis-12 (98%), and technical-grade cis-9,
trans-11 (75–78%) were obtained from Matreya Inc. (Pleas-
ant Gap, PA). Other CLA isomers were synthesized by isom-
erization of the commercially available reference (technical
grade) with I2 (35). Identification of the CLA isomers was
based on co-injection with a commercial reference material
and synthesized CLA as well as by comparing the elution
order of CLA isomers with the existing literature (27,35).
CLA were analyzed by Ag+-HPLC according to Rickert et al.

356 M. COLLOMB ET AL.

Lipids, Vol. 39, no. 4 (2004)

TABLE 1
Concentrations of Fat and of the Predominant Unsaturated FA of the Three Oilseeds, and Daily Intake in the Diets of Cows 

Ground rapeseed Ground sunflower seed Ground linseed

FA 1.0 kg (RAP1) 1.0 kg (SUN1) 1.4 kg (SUN1.4) 1.0 kg (LIN1) 1.4 kg (LIN1.4)

Fat in oilseeds (g kg−1 DM) 513 551 388
Predominant FA in oilseeds (g kg−1 fat)

Oleic acid 546.7a 152.0 175.5
Linoleic acid 179.5 536.2 142.1
α-Linolenic acid 88.8 1.4 466.3

Daily intake (g day−1 cow−1)
Oleic acid 258 80 106 59 84
Linoleic acid 85 281 375 48 68
α-Linolenic acid 42 1 1 157 224

aBoldface type indicates the most important FA. RAP1, control diet (hay fed ad libitum and 15 kg of fodder beets) supplemented with 1.0 kg of ground rape-
seed; SUN1, control diet supplemented with 1.0 kg of ground sunflower seed; SUN1.4, control diet supplemented with 1.4 kg of ground sunflower seed;
LIN1, control diet supplemented with 1.0 kg of ground linseed; LIN1.4, control diet supplemented with 1.4 kg of ground linseed; DM, dry matter.



(36), as modified by Kraft et al. (27). The analysis was per-
formed on an Agilent LC series 1100 equipped with a photo-
diode array detector using three ChromSpher 5 Lipids
columns in series (stainless steel, 250 × 4.6 mm, 5 µm parti-
cle size; Chrompack, Middleburg, The Netherlands). The sol-
vent consisted of UV-grade hexane with 0.1% acetonitrile and
0.5% ethyl ether (flow rate, 1 mL min−1), prepared fresh daily.
Ethyl ether was used to reduce the analysis time and minimize
retention volume drift, which is a well-known problem en-
countered in working with Ag+-HPLC. The column was pre-
treated daily by eluting it with 1% acetonitrile/hexane for
30–60 min prior to sample analysis. The usual injection vol-
umes were 10–20 µL, representing <250 µg of lipids. The
HPLC areas for trans-7,cis-9 + trans-8,cis-10 + cis-9,trans-11
were added and used for comparison with the peak area of the
three isomers from the GC chromatogram. The results were
expressed as absolute values in mg g−1 fat. The Ag+-HPLC
chromatogram is presented in Figure 1.

Statistical analysis. Principal component analysis,
ANOVA, and pairwise comparisons of mean values with
Fisher’s LSD test were performed with Systat for Windows,
version 9.0 (37).

RESULTS 

Oleic, linoleic, α-linolenic and trans FA in milk fat from cows
fed CD or the CD supplemented with oilseeds. The concen-
trations of oleic, linoleic, and α-linolenic acids and trans-FA
in milk depended on the fat source fed (Table 2). The concen-
trations of most of the trans-FA generally increased in paral-
lel with the daily intake of oleic, linoleic, or α-linolenic acid
in the LIN1, RAP1, SUN1, LIN1.4, or SUN1.4 diet. At
oilseed intakes of 1 kg, the highest concentration of trans 6–8
18:1 FA (3.00 mg g−1 fat) was found in milk fat from cows
fed the oleic acid-rich RAP1 diet. Among the trans 18:1 iso-
mers, the highest concentration was found for the combined
trans-10/trans-11 FA (41.91 mg g−1 fat) in milk fat from cows
fed the linoleic acid-rich SUN1.4 diet. Among the trans 18:2
isomers, the highest concentration was found for the com-
bined trans-11,cis-15/trans-9,cis-12 18:2 FA (5.00 mg g−1

fat) in milk fat from cows fed the α-linolenic acid-rich
LIN1.4 diet.

CLA isomers in milk fat from cows fed the CD or the CD
supplemented with oilseeds. In milk fat from cows fed the α-
linolenic acid-rich LIN1.4 diet, the highest concentrations
(Table 3, bold) were found for the CLA isomers trans-12,
trans-14 (0.31 mg g−1 fat), trans-11,trans-13 (0.48 mg g−1

fat), cis,trans/trans,cis-12,14 (0.34 mg g−1 fat), trans-11,
cis-13 (0.47 mg g−1 fat), and cis-11,trans-13 (0.03 mg g−1

fat). From the LIN1 to the LIN1.4 diet, the concentrations of
all these CLA isomers increased significantly (P ≤ 0.05). The
concentrations of the CLA isomers trans-12,trans-14,
cis,trans/trans,cis-12,14 and cis-11,trans-13 did not change
when the CD was supplemented with each of the other
oilseeds rich in either oleic acid (RAP1) or linoleic acid
(SUN1 or SUN1.4); no increases in the concentrations of the
CLA isomers trans-11,trans-13 and trans-11,cis-13 were
found when the RAP1 and SUN1 diets were fed. 

In milk fat from cows fed the linoleic acid-rich SUN1.4
diet, the highest concentrations of CLA (Table 3, bold) were
found for the isomers trans-10,trans-12 (0.17 mg g−1 fat),
trans-9,trans-11 (0.17 mg g−1 fat), trans-8,trans-10 (0.05 mg
g−1 fat), trans-7,trans-9 (0.08 mg g−1 fat), trans-10,cis-12
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FIG. 1. Silver-ion-HPLC (Ag+-HPLC) separation of CLA methyl esters of
a milk fat using three columns in series.

TABLE 2
Oleic, Linoleic, and α-Linolenic Acids and the Most Important trans FA in Milk Fat from Cows Fed the Control Diet (CD) or CD Supplemented
with Oilseedsa

FA CD RAP1 SUN1 SUN1.4 LIN1 LIN1.4

18:1 cis-9 110.13 ± 16.25c 166.12 ± 18.79a 160.62 ± 31.85a,b 175.80 ± 32.24a 143.47 ± 12.73b 173.13 ± 26.64a

18:2 cis-9,cis-12 16.19 ± 3.37b 16.08 ± 3.17b 22.42 ± 4.23a 25.54 ± 3.98a 14.61 ± 2.83b 15.47 ± 1.83b

18:3 cis-9,cis-12,cis-15 7.02 ± 1.06c 7.29 ± 1.14c 7.04 ± 1.06c 7.19 ± 1.29c 11.80 ± 2.09b 15.93 ± 2.45a

18:1 trans-6–8 0.53 ± 0.14e 3.00 ± 0.49b 2.34 ± 0.55c 3.66 ± 0.53a 1.45 ± 0.38d 2.14 ± 0.39c

18:1 trans-9 1.42 ± 0.14d 3.42 ± 0.40b 3.03 ± 0.53b 4.40 ± 0.73a 2.24 ± 0.25c 2.93 ± 0.35b

18:1 trans-10–11 8.70 ± 1.55c 16.00 ± 3.04c 20.81 ± 4.01b 41.91 ± 7.71a 13.57 ± 3.63c 21.10 ± 3.40b

18:1 trans-12 0.96 ± 0.15d 2.95 ± 0.35c 4.00 ± 1.01b 5.72 ± 0.83a 2.54 ± 0.59c 3.83 ± 0.61b

18:1 trans-13–14 + cis-6–8 2.72 ± 0.33d 6.63 ± 0.73c 7.93 ± 1.72c 10.48 ± 1.44b 8.24 ± 1.85c 13.19 ± 2.25a

18:1 trans-16+ cis-14 1.26 ± 0.22d 3.06 ± 0.42c 3.77 ± 0.82b 4.93 ± 0.83a 3.65 ± 0.78b,c 5.29 ± 0.73a

18:2 cis-9,trans-12 + trans-8,cis-13 1.78 ± 0.29d 2.67 ± 0.18c 3.09 ± 0.41b,c 3.45 ± 0.53a,b 2.90 ± 0.45c 3.75 ± 0.51a

18:2 cis-9,trans-13 + trans-8,cis-12 0.98 ± 0.24c 2.13 ± 0.30b 2.48 ± 0.59b 3.19 ± 0.79a 2.39 ± 0.52b 3.77 ± 0.79a

18:2 trans-11,cis-15 + trans-9,cis-12 0.87 ± 0.19c 1.18 ± 0.18c 1.25 ± 0.34c 1.59 ± 0.26c 2.47 ± 0.73b 5.00 ± 0.81a

aMean ± SD; n = 10 per treatment (values in mg g−1 fat). For diet descriptions, see Table 1. Boldface type indicates the highest mean values. a–dValues
in a row not sharing a common superscript roman letter differ significantly (P ≤ 0.05). 



(0.10 mg g−1 fat), cis-9,trans-11 (15.46 mg g−1 fat), trans-8,
cis-10 (0.29 mg g−1 fat), and trans-7,cis-9 (0.88 mg g−1 fat).
From the SUN1 to the SUN1.4 diet, the concentrations of all
these CLA isomers increased significantly (P ≤ 0.05). Com-
pared with the CD, no significant increases in the concentra-
tions of the CLA isomers trans-10,trans-12, trans-8,trans-10,
trans-10,cis-12, and trans-8,cis-10 were found in milk fat
from cows fed each of the other oilseeds.

At oilseed intakes of 1 kg, the concentration of trans-7,cis-9
CLA was highest (0.66 mg g−1 fat) when the oleic acid-rich
RAP1 diet was fed. 

Compared with the CD, the concentration of the main
CLA isomer in milk fat, cis-9,trans-11, increased signifi-
cantly by 34% on the RAP1 diet, by 19% on the LIN1 diet,
by 81% on the LIN1.4 diet, by 83% on the SUN1 diet, and by
280% on the SUN1.4 diet. When the diet was changed from
SUN1 to SUN1.4, a 33% increase in the daily intake of
linoleic acid (from 281 to 375 g; α-linolenic acid, 1 g) in-
creased the total CLA content by 107% (from 7.5 to 15.5 mg
g−1 fat). 

Table 4 illustrates the significant, positive Pearson correla-
tion coefficients (P ≤ 0.001) found between the daily intake
of oleic, linoleic, or α-linolenic acid from oilseeds and the
concentrations of CLA isomers in milk fat. There were sig-
nificant positive correlations (P ≤ 0.001) between the daily
intake of linoleic acid and the concentrations of the
trans,trans CLA (trans-10,trans-12, trans-9,trans-11, trans-8,
trans-10, and trans-7,trans-9) (Table 4, Fig. 2) and between
the daily intakes of α-linolenic acid and the concentrations of
the trans-12,trans-14 and trans-11,trans-13 CLA. By con-
trast, the correlations between the daily intake of oleic acid
and the trans,trans CLA isomers were not significant.

For the cis,trans/trans,cis CLA, significant positive corre-
lations (P ≤ 0.001) were also found between the daily intake
of linoleic acid and the concentrations of the trans-10,cis-12,

cis-9,trans-11, trans-8,cis-10, and trans-7,cis-9 isomers in
milk fat (Table 4, Fig. 3) and between the daily intake of α-
linolenic acid and the concentrations of the cis,trans/trans,
cis-12,14, trans-11,cis-13, and cis-11,trans-13 isomers in milk
fat. Only the correlation between the daily intake of oleic acid
and the trans-7,cis-9 CLA isomer was significant.

The two biplots (Figs. 2 and 3) also show excellent dis-
crimination between the trans,trans or cis,trans/trans,cis
CLA in the milk fat of the different diets.

Oleic, linoleic, and α-linolenic acids and trans FA in the
milk fat from cows grazing at three altitudes. The concentra-
tions of oleic, linoleic, and α-linolenic acids and of most trans
18:1 FA were highest in the milk fat from cows grazing in the
mountains or the highlands (Table 5). Among the trans 18:1
isomers, the trans-10–11 were the most abundant FA (50.12
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TABLE 3
CLA Isomer Composition in Milk Fat from Cows Fed the Control Diet (CD) Supplemented with Rapeseed, Linseed, or Sunflower Seeda

18:2 CLA CD RAP1 SUN1 SUN1.4 LIN1 LIN1.4

Σtrans/trans 0.28 ± 0.04c 0.35 ± 0.05c 0.40 ± 0.06c 0.65 ± 0.16b 0.58 ± 0.11b 1.09 ± 0.21a

12,14 0.03 ± 0.01c 0.04 ± 0.01c 0.03 ± 0.01c 0.05 ± 0.02c 0.13 ± 0.04b 0.31 ± 0.08a

11,13 0.05 ± 0.01d 0.09 ± 0.02c,d 0.07 ± 0.02c,d 0.12 ± 0.04c 0.23 ± 0.06b 0.48 ± 0.11a

10,12 0.05 ± 0.01c 0.05 ± 0.01c 0.09 ± 0.02b 0.17 ± 0.07a 0.05 ± 0.02c 0.06 ± 0.02c

9,11 0.05 ± 0.01e 0.07 ± 0.01d,e 0.09 ± 0.02c 0.17 ± 0.05a 0.08 ± 0.02c,d 0.13 ± 0.03b

8,10 0.03 ± 0.01b,c 0.03 ± 0.01b,c 0.04 ± 0.01b 0.05 ± 0.01a 0.02 ± 0.01c 0.03 ± 0.01b,c

7,9 0.06 ± 0.01b 0.06 ± 0.01b 0.06 ± 0.01b 0.08 ± 0.02a 0.06 ± 0.01b 0.06 ± 0.01b

6,8 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01

Σcis,trans/trans,cis 4.44 ± 1.16d 6.41 ± 1.08c 8.45 ± 1.65b 16.98 ± 3.10a 5.68 ± 1.57c,d 8.83 ± 1.99b

12,14 0.02 ± 0.01c 0.03 ± 0.01c 0.03 ± 0.00c 0.04 ± 0.01c 0.12 ± 0.04b 0.34 ± 0.09a

trans-11,cis-13 0.09 ± 0.03c 0.11 ± 0.04c 0.12 ± 0.06c 0.21 ± 0.07b 0.23 ± 0.11b 0.47 ± 0.11a

cis-11,trans-13 0.01 ± 0.00c 0.01 ± 0.00c 0.01 ± 0.01c 0.01 ± 0.01c 0.02 ± 0.01b 0.03 ± 0.01a

trans-10,cis-12 0.02 ± 0.01c 0.03 ± 0.01c 0.06 ± 0.01b 0.10 ± 0.03a 0.02 ± 0.00c 0.02 ± 0.01c

cis-9,trans-11 4.07 ± 1.09c 5.47 ± 0.98c 7.46 ± 1.47b 15.46 ± 2.84a 4.85 ± 1.35c 7.37 ± 1.77b

trans-8,cis-10 0.08 ± 0.02c 0.11 ± 0.02c 0.22 ± 0.06b 0.29 ± 0.08a 0.12 ± 0.04c 0.13 ± 0.04c

trans-7,cis-9 0.16 ± 0.03e 0.66 ± 0.10b 0.56 ± 0.12c 0.88 ± 0.17a 0.33 ± 0.08d 0.49 ± 0.11c

ΣCLA 4.72 ± 1.16d 6.77 ± 1.10c 8.84 ± 1.69b 17.63 ± 3.22a 6.26 ± 1.62c,d 9.92 ± 2.06b

aMean ± SD; n = 10 per treatment (values in mg g−1 milk fat). CLA are ordered according to increasing retention time. Boldface type indicates the highest
mean values. a–eValues in a row not sharing a common superscript roman letter differ significantly (P ≤ 0.05). For diet abbreviations see Table 1.

TABLE 4
Significant Positive Pearson Correlation Coefficients (P ≤ 0.001) 
Between the Daily Intake of Oleic, Linoleic, or α-Linolenic Acid 
(values in g day−1 cow−1) from an Oilseed and the Concentration 
of CLA in Milk Fat (values in mg g−1 fat) 

18:2 CLA Oleic acid Linoleic acid α-Linolenic acid

trans/trans — — —
12,14 — — 0.88
11,13 — — 0.89
10,12 — 0.78 —
9,11 — 0.58 —
8,10 — 0.60 —
7,9 — 0.47 —
6,8 — — —

cis,trans/trans,cis — — —
12,14 — — 0.88
trans-11,cis-13 — — 0.76
cis-11,trans-13 — — 0.74
trans-10,cis-12 — 0.89 —
cis-9,trans-11 — 0.81 —
trans-8,cis-10 — 0.85 —
trans-7,cis-9 0.57 0.74 —



mg g−1 fat) in milk fat from the highlands. The concentrations
of all the trans 18:2 FA were also highest in milk fat from the
highlands. Among the trans 18:2 isomers, trans-11,cis-
15/trans-9,cis-12 was the most abundant (7.32 mg g−1 fat) in
milk fat from the highlands.

CLA isomers in the milk fat from cows fed grass at differ-
ent altitudes. The milk fat of cattle at three different altitudes
showed many significant differences in the concentrations of
CLA isomers. In the milk fat from cows grazing in the moun-
tains, the highest concentrations (Table 6, bold) were found
for the CLA isomers trans-10,trans-12 (0.07 mg g−1 fat),
trans-8,trans-10 (0.04 mg g−1 fat), trans-7,trans-9 (0.09 mg
g−1 fat), trans-6,trans-8 (0.04 mg g−1 fat ), trans-10,cis-12
(0.03 mg g−1 fat), and trans-7,cis-9 (0.51 mg g−1 fat). In milk
fat from the highlands, the predominant CLA isomers were
trans-12,trans-14 (0.23 mg g−1 fat), trans-11,trans-13 (0.46
mg g−1 fat), trans-9,trans-11 (0.13 mg g−1 fat), trans-7,trans-9
(0.09 mg g−1 fat), cis,trans/trans,cis-12,14 (0.07 mg g−1 fat),
trans-11,cis-13 (1.75 mg g−1 fat), cis-11,trans-13 (0.04 mg
g−1 fat), cis-9,trans-11 (21.33 mg g−1 fat), trans-8,cis-10
(0.31 mg g−1 fat), and trans-7,cis-9 (0.49 mg g−1 fat) (Table
6). The concentrations of the CLA isomers trans-7,trans-9
and trans-7,cis-9 were similar in milk fat from the mountains
and the highlands and significantly higher than in milk fat
from the lowlands. In the milk fat from cows grazing at the
three altitudes, the cis-9,trans-11 and trans-11,cis-13 CLA
isomers were the most abundant among the cis,trans/trans,cis
isomers, and the trans-11,trans-13 isomer was the most abun-
dant isomer among the trans,trans CLA. For the SD of the
mean, the values obtained in mixed milks from this study
(Table 6) were generally lower than those found in individual
milks from the first study (Table 3).

The concentrations of many CLA isomers were highest in
milk fat from the mountains or highlands. However, three of
these isomers (cis-9,trans-11, trans-11,cis-13, and trans-8,
cis-10) exhibited a nearly linear increase in concentration
from the lowlands to the highlands as a function of altitude.
Compared with the lowlands, the concentration of the cis-9,
trans-11 CLA in milk fat from cows grazing in the mountains
increased by 81%; in milk fat from cows grazing in the high-
lands it increased by 175%. The concentration of the trans-11,
cis-13 CLA (the second-most important CLA isomer in milk
fat from cows grazing at different altitudes) increased by 88%
in milk fat from the mountains and by 310% in milk fat from
the highlands. 

DISCUSSION

Different studies have shown the influence of fodder on the
concentration of CLA in milk, but only a few have analyzed
the different isomers using Ag+-HPLC (27–29). 

Oleic acid in the fodder and CLA in the milk fat. In the first
study, with oilseed intakes of 1 kg, the high concentration of
the combined trans-6–8 18:1 FA (3.00 mg g−1 fat) (Table 2)
in milk fat from cows fed the oleic acid-rich RAP1 diet (Table
1) was probably due to the increase in the concentration of
trans-7 18:1 FA. Indeed, the daily intake of oleic acid corre-
lated significantly with the concentration of the CLA isomer
trans-7,cis-9 in milk (Table 4). It is also well known that oleic
acid from fodder in the rumen is either not hydrogenated (38),
is isomerized to trans 18:1 FA with double bonds at positions
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FIG. 2. Correlations between the daily intake of oleic acid, linoleic acid,
and α-linolenic acid and the trans,trans CLA isomers in milk fat. The
first principal component (PC 1) explained 39% of the total variance,
and the second principal component (PC 2) explained 28%.

FIG. 3. Correlations between the daily intake of oleic acid, linoleic acid,
and α-linolenic acid and the cis,trans/trans,cis CLA isomers in milk fat.
The first principal component (PC 1) explained 46% of the total vari-
ance and the second principal component (PC 2) explained 35%. For
symbols see Figure 2.



6–16 of the carbon chain, or is hydrogenated directly to
stearic acid (39). Through the use of two different inhibitors
of ∆9-desaturase, Corl et al. (5) demonstrated that the trans-7,
cis-9 CLA in milk fat originated almost exclusively via en-
dogenous synthesis by ∆9-desaturase with ruminally derived
trans-FA; consistent with this result, the CLA isomer trans-7,
cis-9 was not present in the ruminal fluid and was present in
only small quantities in the duodenal flow (28). However,
Secchiari et al. (29) found practically the same high concen-
trations (1.10 and 1.13 mg g−1 fat, respectively) of this CLA
isomer when feeding either an olive oil soap that was rich in
oleic acid (oleic acid: 38.7 g 100 g−1; linoleic acid: 19.6 g 100
g−1 FA) or full-fat extruded soybeans that contained less oleic
acid (oleic acid: 22.0 g 100 g−1 FA; linoleic acid: 48.9 g 100

g−1 FA). The biohydrogenation of linoleic acid in the soy-
beans into oleic acid in the rumen is certainly the cause of the
nondifferentiated concentration of the CLA isomer trans-7,
cis-9. Figure 4 illustrates the metabolic pathway for the for-
mation of the trans-7,cis-9 CLA and for other CLA.

In the second study, the concentration of the trans-6–8
18:1 FA (Table 5) was significantly higher in milk fat from
the mountains and highlands (2.05 and 1.85 mg g−1 fat, re-
spectively) than in the lowlands (1.26 mg g−1 fat), in accor-
dance with a similar increase in the concentration of the CLA
isomer trans-7,cis-9 (Table 6).

Linoleic acid in the fodder and CLA in the milk fat. In the
first study, the concentration of the trans-10–11 FA was high-
est in milk fat from cows fed the linoleic acid-rich SUN diets
(SUN1 diet: 20.81; SUN1.4 diet: 41.91 mg g−1 fat) (Table 2),
whereas in the second study, it was highest in milk fat from
cows grazing in the highlands (50.12 mg g−1 fat) (Table 5). A
strong positive correlation between the trans isomers of 18:1
[trans vaccenic acid (tVA), trans-13–14, trans-15, and trans-
16] in milk fat and the level of linoleic acid in the diet was
first found by Loor et al. (40). The latter compound is first
isomerized to the CLA cis-9,trans-11 by cis-9,trans-11 isom-
erase and then hydrogenated by Butyrivibrio fibrisolvens to
tVA in the rumen (41) (Fig. 4). These initial steps occur
rapidly. The hydrogenation of tVA to stearic acid appears to
involve a different group of organisms and occurs at a slow
rate (42). For this reason, tVA typically accumulates in the
rumen. This FA is also mainly present in the duodenal flow
of lactating cows (28). It is well known that this main trans
FA is responsible for the formation of the CLA isomer cis-9,
trans-11, which occurs by desaturation of the ruminally de-
rived tVA in the mammary gland (7,28). The notable increase
in the concentration of the cis-9,trans-11 isomer when the diet
was changed from SUN1 to SUN1.4 (Table 3) was also ob-
served by Secchiari et al. (29) and Dhiman et al. (19) in milk
from cows fed full-fat extruded soybeans or a soybean oil
supplement. The latter authors concluded that it may be
caused by incomplete biohydrogenation in the rumen and in-
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TABLE 5
Oleic, Linoleic, and α-Linolenic Acids and the Most Important trans FA in Milk Fat from
Cows Grazing at Different Altitudes

FA Lowlands Mountains Highlands

18:1 cis-9 168.60 ± 15.49b 193.60 ± 9.01a 175.34 ± 15.14b

18:2 cis-9,cis-12 11.78 ± 1.39b 13.70 ± 0.88a 13.75 ± 1.23a

18:3 cis-9,cis-12,cis-15 8.29 ± 1.63b 8.34 ± 0.44b 12.34 ± 1.32a

18:1 trans-6–8 1.26 ± 0.22c 2.05 ± 0.33a 1.85 ± 0.28b

18:1 trans-9 2.37 ± 0.26c 3.46 ± 0.66a 2.92 ± 0.36b

18:1 trans-10–11 21.50 ± 2.44c 36.00 ± 3.08b 50.12 ± 4.94a

18:1 trans-12 2.27 ± 0.26 2.26 ± 0.24 2.28 ± 0.38
18:1 trans-13–14 + cis-6–8 7.51 ± 0.77a 5.98 ± 0.67b 6.69 ± 0.96a

18:1 trans-16 + cis-14 3.79 ± 0.46b 3.61 ± 0.25b 4.04 ± 0.44a

18:2 cis-9,trans-12 + trans-8,cis-13 2.75 ± 0.25b 2.75 ± 0.11b 3.09 ± 0.21a

18:2 cis-9,trans-13 + trans-8,cis-12 2.49 ± 0.30b 2.35 ± 0.16b 3.01 ± 0.40a

18:2 trans-11,cis-15 + trans-9,cis-12 3.38 ± 0.36c 4.29 ± 0.42b 7.32 ± 1.56a

aMean ± SD; n = 10 per altitude (values in mg g−1 fat). a–cValues in a row not sharing a common su-
perscript roman letter differ significantly (P ≤ 0.05). Boldface type indicates the highest mean values.
Lowlands, 600–650 m; mountains, 900–1210 m; highlands, 1275–2120 m.

TABLE 6
CLA Isomer Composition of Milk Fat from Cows Fed Grass at Differ-
ent Altitudesa

18:2 CLA Lowlands Mountains Highlands

Σ trans/trans 0.82 ± 0.08b 0.83 ± 0.04b 1.03 ± 0.09a

12,14 0.15 ± 0.02b 0.15 ± 0.01b 0.23 ± 0.04a

11,13 0.38 ± 0.06b 0.32 ± 0.03c 0.46 ± 0.05a

10,12 0.07 ± 0.01b 0.07 ± 0.01a 0.06 ± 0.01c

9,11 0.11 ± 0.01b 0.11 ± 0.08b 0.13 ± 0.01a

8,10 0.02 ± 0.00c 0.04 ± 0.00a 0.03 ± 0.01b

7,9 0.07 ± 0.01b 0.09 ± 0.01a 0.09 ± 0.01a

6,8 0.02 ± 0.01c 0.04 ± 0.01a 0.03 ± 0.01b

Σ cis,trans/trans,cis 8.74 ± 1.14c 15.68 ± 1.93b 24.01 ± 2.76a

12,14 0.07 ± 0.01a 0.05 ± 0.01b 0.07 ± 0.01a

trans-11,cis-13 0.43 ± 0.08c 0.80 ± 0.08b 1.75 ± 0.42a

cis-11,trans-13 0.02 ± 0.00b 0.02 ± 0.00b 0.04 ± 0.00a

trans-10,cis-12 0.03 ± 0.01b 0.03 ± 0.00a 0.02 ± 0.01c

cis-9,trans-11 7.77 ± 1.05c 14.06 ± 1.79b 21.33 ± 2.35a

trans-8,cis-10 0.13 ± 0.02c 0.21 ± 0.02b 0.31 ± 0.05a

trans-7,cis-9 0.31 ± 0.05b 0.51 ± 0.06a 0.49 ± 0.05a

Σ CLA 9.57 ± 1.19c 16.50 ± 1.94b 25.05 ± 2.78a

aMean ± SD; n = 10 per altitude (values in mg g−1 milk fat). Boldface
type indicates the highest mean values. a–cValues in a row not sharing
a common superscript roman letter differ significantly (P ≤ 0.05). For
description of altitudes, see Table 5. 



creased escape of the CLA from the rumen to the lower di-
gestive tract. Piperova et al. (28) found much lower CLA con-
centrations in the duodenal flow of lactating cows fed diets
with high (8.6 or 9.1 g d−1) compared with low (1.1 or 1.8 g
d−1) proportions of forage than in milk fat. They concluded
that the main CLA isomers, excluding cis-9,trans-11 and
trans-7,cis-9, were essentially formed in the rumen. In the
second study, the highest concentration of the cis-9,trans-11
CLA was found in milk fat from cows grazing in the high-
lands (21.3 mg g−1 fat). French et al. (43) also found in-
creased CLA contents in the intramuscular fat from steers
grazing on grass compared with grass silage or ingesting con-
centrate-based diets. It therefore seems that grass provides
protection against biohydrogenation in the rumen.

In the first study, the concentration of the CLA isomer
trans-10,cis-12 also correlated strongly with the daily intake
of linoleic acid (Table 4). This CLA isomer is a product of ru-
minal biohydrogenation in which the initial isomerization
takes place at the cis-9 position of linoleic acid rather than at
the cis-12 position, as in the more typical pathway (4). Kraft
et al. (44) found a 40% decrease in milk fat 5 d after an intra-
duodenal infusion of a CLA mixture, indicating that the
trans-10,cis-12 isomer is responsible for the inhibition of
milk fat synthesis. According to Viswanadha et al. (45), an
intravenous administration of 6 g d−1 of this isomer decreased

the milk fat percentage from 4.17 to 2.92% on day 5. In a
dose–response experiment, Baumgard et al. (46,47) con-
firmed these results when they fed the pure trans-10,cis-12
isomer. The milk fat from cows supplemented with the high-
est dose (14 g d−1) contained more trans-10,cis-12 compared
with cis-9,trans-11, resulting in a dramatically curvilinear re-
duction in milk fat yield. 

α-Linolenic acid in the fodder and CLA in the milk fat. In
the first study, the highest concentration of the combined
trans-11,cis-15/trans-9,cis-12 18:2 FA was found in milk fat
from cows fed LIN1 (2.47 mg g−1 fat) or LIN1.4 (5.00 mg g−1

fat); it was attributed to the high level of trans-11,cis-15 18:2
with the increase in α-linolenic acid. The correlation coeffi-
cient between the concentrations of the combined trans-11,
cis-15/trans-9,cis-12 18:2 FA in the milk fat and the trans-11,
cis-13 CLA was very high (0.94; P ≤ 0.001). It is well known
that the pathway for the hydrogenation of cis-9,cis-12,cis-15
18:3 FA in the rumen involves an initial isomerization to a
conjugated triene (cis-9,trans-11,cis-15 18:3), followed by re-
duction of double bonds at carbons 9, 15, and 11 to yield the
trans-11,cis-15 18:2, trans-11 18:1, and 18:0 FA, respec-
tively, but not cis-9,trans-11 CLA, as intermediates (48).
Kraft et al. (27) hypothesized that α-linolenic acid is the indi-
rect precursor of trans-11,cis-13 CLA. The highest levels of
this CLA isomer found in milk fat from cows fed the
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FIG. 4. Known metabolic pathways for the formation of CLA isomers and their precursors.



α-linolenic acid-rich LIN diets (LIN 1, 0.23 mg g−1 fat;
LIN1.4, 0.47 mg g−1 fat) (Table 3) confirmed that α-linolenic
acid was the main indirect precursor of the CLA isomer trans-
11,cis-13 in milk fat. Nevertheless, the increase in the concen-
tration of this CLA isomer in milk fat when the diet was
changed from SUN1 (0.12 mg g−1) to SUN1.4 (0.21 mg g−1)
(daily intake of α-linolenic acid, 1 g; Table 1) indicated that
linoleic acid was the second-most important precursor of this
CLA. 

Normally, after the overwhelmingly predominant CLA
isomer cis-9,trans-11, the trans-7,cis-9 is the second-most
predominant CLA isomer in ruminant fat (5,28,29,49–51).
Piperova et al. (52) reported that this isomer represents as
much as 40% of the total CLA under special conditions. Ac-
cording to these authors (28), when cows were fed a high- or
low-forage diet with or without buffer, most of this isomer
may have been produced by the action of ∆9-desaturase on
trans-7 18:1 in bovine tissues. By contrast, in milk fat from
cows grazing at the three altitudes, the second-most impor-
tant CLA isomer was the trans-11,cis-13 CLA (Table 6). The
concentration of this CLA in milk fat from cows grazing in
the highlands was much higher (about a factor of 4) than in
milk fat from cows fed the LIN1.4 diet. Although linseed (14)
and fresh grass (53) both contain a high proportion of α-
linolenic acid, Wachira et al. (54) speculated that the biohy-
drogenation rate of α-linolenic acid differs depending on the
source. α-Linolenic acid is predominantly bound to TAG,
whereas in grass the predominant form is glycolipids. The in-
crease in the concentration of this CLA isomer with elevation
also could be related to the higher percentage of α-linolenic
acid in plants living at lower environmental temperatures,
such as in the Alps (53). The pathway from trans-11,cis-15
FA to the second-most important CLA isomer, trans-11,cis-13,
is as yet unclear (Fig. 4). 

CLA are highly correlated with either oleic, linoleic, or α-
linolenic acid. The strong positive correlations (Table 4) be-
tween the daily intakes of (i) oleic acid or linoleic acid and
the concentration of the CLA isomer trans-7,cis-9 in milk fat;
(ii) linoleic acid and the CLA isomers trans-10,trans-12,
trans-9,trans-11, trans-8,trans-10, trans-7,trans-9, trans-10,
cis-12, cis-9,trans-11, trans-8,cis-10, and trans-7,cis-9; and
(iii) α-linolenic acid and the CLA isomers trans-12,trans-14,
trans-11,trans-13, cis,trans/trans,cis-12,14, trans-11,cis-13,
and cis-11,trans-13 (Table 4) indicated that these FA (oleic,
linoleic, and α-linolenic acids) are probably the main indirect
precursors of the above-mentioned CLA. Nevertheless, it is
well known, for example, that linoleic and α-linolenic acid
are both indirect precursors of the CLA isomer cis-9,trans-11
(55), but the highest concentration of this CLA isomer is gen-
erally obtained with linoleic acid-rich diets (14,19). 

CLA are potential indicators of Alpine milk products. In
the second study, the concentrations of many isomers were
the highest in milk fat from the highlands (Table 6), but only
three CLA isomers (cis-9,trans-11, trans-11,cis-13, and
trans-8,cis-10) showed a nearly linear increase with eleva-
tion. The concentration of the isomer trans-11,cis-13 in milk

fat from the highlands (Table 6) was about four times higher
than in milk fat from cows fed LIN1.4 (Table 3), which was
rich in α-linolenic acid (Table 1). These three CLA isomers,
and particularly the CLA isomer trans-11,cis-13, could there-
fore be useful indicators of milk products of Alpine origin.
Recently, Karoui et al. (56) showed that CLA may help to dif-
ferentiate Alpine from lowlands milk products by using fluo-
rescence spectrometry.
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ABSTRACT: CLA is a potent inhibitor of milk fat synthesis, as
shown by investigations using mixtures of CLA isomers in FFA
form. However, methyl esters of CLA can be initially formed in
commercial synthesis, and their use in a supplement has certain
manufacturing and cost advantages. Our objective was to com-
pare abomasal infusion of methyl esters of CLA (ME-CLA) and
FFA of CLA (FFA-CLA) on milk fat synthesis. Data were also com-
bined with previous investigations to examine broader relation-
ships between trans-10,cis-12 CLA and the reduction in milk fat.
Three mid-lactation, rumen-fistulated Holstein cows were used
in a 3 × 3 Latin square design. Treatments were (i) control, (ii) ME-
CLA, and (iii) FFA-CLA. The ME-CLA and FFA-CLA treatments
(4.2 g/d trans-10,cis-12 CLA) resulted in a comparable reduction
in milk fat yield (38 and 39%, respectively) and pattern of reduc-
tion in individual FA. In contrast, milk yield, milk protein, and
feed intake were unaltered by CLA treatment. Combining data
across studies revealed strong correlations relating the reduction
in milk fat yield to abomasal dose of trans-10,cis-12 CLA (R2 =
0.86), milk fat content of trans-10,cis-12 CLA (R2 = 0.93), and
milk fat secretion of trans-10,cis-12 CLA (R2 = 0.82). Across stud-
ies, transfer efficiency of abomasally infused trans-10,cis-12 CLA
into milk fat was relatively constant (22%; R2 = 0.94). Overall,
ME-CLA and FFA-CLA were equally potent in reducing milk fat,
and either form could be used to formulate a dietary supplement
that would induce milk fat depression.

Paper no. L9407 in Lipids 39, 365–372 (April 2004).

CLA is a generic term for octadecadienoic acid isomers with
conjugated double bonds. Two of the isomers, cis-9,trans-11 and
trans-10,cis-12 CLA, are known to confer a number of benefi-
cial biological effects. These effects have been identified in a
range of animal species and include anticarcinogenesis, im-
munomodulation, antiatherosclerosis, and alteration in body
composition (1,2). The trans-10,cis-12 CLA isomer is also a po-
tent inhibitor of milk fat synthesis (3–5) and has been implicated
in diet-induced milk fat depression (MFD) in dairy cows. This
isomer is formed by rumen biohydrogenation, existing in trace
levels in the rumen of cows under most diets, with elevated lev-
els occurring in certain diets associated with MFD (6,7).

The extent to which the lipid form of trans-10,cis-12 CLA
influences the effect of the isomer on milk fat synthesis is un-
known. The majority of studies that have investigated trans-
10,cis-12 CLA have used commercial mixtures of CLA in a
FFA form (see review by Bauman et al., Ref. 7). This is an im-
portant consideration from a production standpoint, as the
chemical synthesis of a methyl ester CLA has a number of ben-
efits over that of FFA of CLA. These include reductions in
manufacturing time and costs, and the production of a high-
purity CLA product (8). However, it is not known what influ-
ence the methyl ester may have on intestinal absorption of the
trans-10,cis-12 CLA isomer and its subsequent regulation of
milk fat synthesis. Previous studies that have described intesti-
nal absorption of ethyl and methyl esters of FA have involved
rodents and given inconsistent results (9–11). It is also unclear
to what extent results from rodent studies can be applied to the
lactating dairy cow when fed CLA in the methyl ester form.

Abomasal infusion has been used as a convenient experi-
mental method of providing CLA isomer supplements to avoid
biohydrogenation and alterations by rumen bacteria. The na-
ture and extent of the milk fat synthesis response to abomasal
infusion of various doses of trans-10,cis-12 CLA to lactating
dairy cows has been described previously (4,5). Peterson et al.
(5) found a strong curvilinear relationship between the content
of trans-10,cis-12 CLA in milk and changes in milk fat yield,
and recent studies (12–14) provide additional data. However,
the dose–response relationship between the amounts of trans-
10,cis-12 CLA abomasally infused and the quantity that is se-
creted into the milk has not been examined across studies.

The primary objective of the present study was to compare the
effects of abomasal infusion of CLA supplements based on
methyl esters of CLA (ME-CLA) or FFA of CLA (FFA-CLA) on
milk fat synthesis in dairy cows. A secondary objective was to
combine data from the present study in which lactating dairy
cows were abomasally infused with trans-10,cis-12 CLA with
those from previous investigations to examine the relationship
between the extent of MFD and milk fat trans-10,cis-12 CLA, as
well as the efficiency of transfer of this CLA isomer into milk fat.

EXPERIMENTAL PROCEDURES

In vivo study. Three lactating Holstein cows (168 ± 49 d in
milk; mean ± SE) fitted with rumen fistula were used in a 3 × 3
Latin square experiment. Cows were housed in metabolic tie
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stalls at the Large Animal Research and Teaching Unit at Cor-
nell University. The diet was a total mixed ration (TMR) for-
mulated to meet or exceed nutrient requirements using the Cor-
nell Net Carbohydrate and Protein System (15). Cows were fed
ad libitum with equal portions of fresh feed offered at 0600 and
1800 daily (Table 1). Water was available at all times. Orts
were weighed and recorded on a daily basis. Daily feed sam-
ples were composited by treatment period and analyzed by wet
chemistry (Dairy One Cooperative, Inc., Ithaca, NY). The Cor-
nell University Institutional Animal Care and Use Committee
approved all procedures involving animals.

Treatments were abomasal infusion of (i) ethanol (control),
(ii) ME-CLA, or (iii) FFA-CLA. We chose a daily infusion rate
of 4.2 g of trans-10,cis-12 CLA, designed to achieve a decrease
in milk fat yield of about one-half of the maximum (4,5). The
amounts of supplement administered to provide this dose of
trans-10,cis-12 CLA were 14.19 and 14.70 g/d for the ME-
CLA and FFA-CLA treatments, respectively. The composition
of CLA supplements (Natural ASA, Hovdebygda, Norway)
and amounts infused are presented in Table 2. 

The forms of CLA were solubilized in 95% ethanol at a ratio
of 5:1 (ethanol/CLA) and flushed with O2-free N2 before being
stored at 4°C until use (maximum of 4 d). The solubilized sup-
plements were infused directly into the abomasum to avoid any
potential alterations by rumen bacteria. This was accomplished
by infusing them into a 0.5-cm (i.d.) polyvinyl chloride tube
that passed through the rumen fistula and sulcus omasi into the
abomasum as described previously (16). Each treatment was
infused for 5 d, with a 7-d interval between infusion periods.
One-fourth of the daily dose was administered every 6 h over
the infusion period.

Cows were milked at 0600 and 1800 daily. Milk was sam-
pled, and the yield was determined at each milking. One aliquot
was stored at 4°C with a preservative (bronopol tablet; D&F

Control Systems, San Ramon, CA) until analysis for fat and
protein content by IR (Ref. 17: method 972.160) and somatic
cell count (SCC) by an optical fluorescence method (Ref. 17:
method 978.26) (Dairy One Cooperative, Inc.). A second
aliquot of milk was stored at –20°C until analysis for FA com-
position by GC as detailed by Perfield et al. (18), with the only
modification being the use of a CP-Sil 88 fused-silica capillary
column [100 m × 0.25 mm (i.d.) with 0.2-µm film thickness;
Varian, Inc., Walnut Creek, CA]. Glycerol content of the milk
fat was calculated as described by Schauff et al. (19) and used
to determine FA yields.

Data were analyzed as a 3 × 3 Latin square design using the
PROC MIXED procedure of SAS (20), with period and cow
considered random effects and treatment a fixed effect. All data
are presented as least square means. Orthogonal contrasts com-
paring (i) control vs. CLA (combined ME-CLA and FFA-CLA)
and (ii) ME-CLA vs. FFA-CLA were conducted using the ES-
TIMATE statement of SAS. 

Multiple study analysis. Data from the present study and six
other studies in which lactating dairy cows were abomasally in-
fused with trans-10,cis-12 CLA (3–5,12–14) were combined to
describe the relationships between (i) abomasal dose of trans-
10, cis-12 CLA and change in milk fat yield, (ii) milk fat content
of trans-10,cis-12 CLA and change in milk fat yield, (iii) secre-
tion of trans-10,cis-12 CLA in milk fat and change in milk fat
yield, and (iv) dose of trans-10,cis-12 CLA and secretion of
trans-10,cis-12 CLA in milk fat. These studies all had 4–5-d pe-
riods of a CLA infusion that was predominately trans-10,cis-12
CLA (3–5,12) or a mixture consisting mainly of trans-10,cis-12
and one other isomer (13,14, and present study). All cows were
in mid or late lactation and fed a TMR. Milk yields of individual
FA were not reported in the six studies outside the current study.
Therefore, a milk glycerol concentration of 11.8% was assumed
(based on the average of the current study) and used to calculate
the amount of trans-10,cis-12 CLA secreted in the milk fat.
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TABLE 1
Ingredient and Chemical Composition of the Diet and Estimated
Net Energy of Lactation (NEL)

Composition

Ingredient (% of dry matter)a

Chopped alfalfa hay 55.0
Ground corn 29.2
Soybean meal 3.7
Whole cottonseed 7.5
Mineral and vitamin mixb 1.4
Urea 0.3
Dicalcium phosphate 0.4
Sodium bicarbonate 0.6

Chemical analysis (% of dry matter)
Crude protein 15.7
Soluble crude protein 4.7
Neutral detergent fiber 44.9
Acid detergent fiber 29.9
Crude fat 5.6

NEL (Mcal/kg dry matter) 1.43
aDietary dry matter averaged 91.1%.
bContained 20.0% Cl, 12.3% Ca, 17.7% Na, 8.0% S, 7.5% Mg, 1.0% K, 0.62
Zn, 0.54% Mn, 0.20% Fe, 0.08% Cu, 0.01% P, 0.009% I, 0.006% Co,
0.0002% Se, 113 IU/g vitamin A, 27 IU/g vitamin D, and 612 IU/g vitamin E.

TABLE 2
FA Profiles of the CLA Supplements and Amounts of FA They Provided

Treatmenta

FA ME-CLA FFA-CLA

Composition (wt%)
16:0 5.0 5.1
18:0 4.2 4.3
cis-9 18:1 25.6 25.4
cis-9,cis-12 18:2 0.3 0.4
cis-9,trans-11 18:2 30.1 29.7
trans-10,cis-12 18:2 30.0 29.6
Others 4.8 5.5

Abomasal infusion (g/d)
16:0 0.70 0.72
18:0 0.59 0.61
cis-9 18:1 3.58 3.60
cis-9,cis-12 18:2 0.04 0.06
cis-9,trans-11 18:2 4.21 4.21
trans-10,cis-12 18:2 4.20 4.20
Others 0.67 0.78

aCLA supplements represented methyl esters of CLA (ME-CLA) and FFA of
CLA (FFA-CLA).



The relationships between the change in milk fat yield and
(i) dose, (ii) milk fat content, and (iii) milk fat yield of trans-
10,cis-12 CLA were analyzed using PROC NLIN in SAS (20)
with an exponential decay model. Parameter estimation was
conducted using the Marquardt nonlinear algorithm. Model ad-
equacy was diagnosed based on mean square error, residuals
against both fitted and predicted values, and a normal probabil-
ity plot. 

The relationship between abomasal dose of trans-10,cis-12
CLA and its secretion in milk fat was analyzed by regression
analysis with PROC REG in SAS (20). Data relating to doses
of trans-10,cis-12 CLA greater than 10 g/d were omitted from
this analysis because they lay at a point at which the depres-
sion in milk fat synthesis had reached a plateau in the exponen-
tial decay model developed for milk fat content of trans-10,cis-
12 CLA vs. change in milk fat yield. Diagnostic plots showed
no serious departures from model assumptions. 

RESULTS

In vivo study. All treatments were abomasally infused for 5 d,
with the temporal pattern in milk fat yield indicating that CLA
treatments resulted in a progressive decrease (Fig. 1). As the
nadir was not reached until days 4–5, all subsequent perfor-
mance and milk FA data are reported for day 5 of each treat-
ment period.

CLA treatments reduced the milk fat yield compared with
the control, but there were no differences between ME-CLA
and FFA-CLA (Table 3). The milk fat content was similarly de-
creased by CLA treatments, but again no difference was ob-
served between CLA forms. Milk yield, milk protein yield and
content, milk SCC, and dry matter intake (DMI) were unaltered
(P > 0.1) by CLA treatment or CLA form.

The FA composition of the milk fat is presented in Table 4.
The proportion of trans-10,cis-12 CLA increased from unde-
tectable levels (<0.01%) in the control period to 0.17 and
0.18% of total milk FA for ME-CLA and FFA-CLA, respec-
tively. The concentrations of few other long-chain FA were al-
tered by CLA treatment. Similarly, the concentrations of only
6:0, 8:0, and 10:0 were decreased (P < 0.05) by CLA treatment.
The form of CLA had no effect on the FA composition of the
milk fat. Four pairs of milk FA serve as a proxy for ∆9-desat-
urase activity in the mammary gland (7). The ratios of these
pairs were unaltered by CLA treatment and CLA form, except
for an increase in the ratio of cis-9,trans-11 CLA to trans-11
18:1 in response to CLA treatment (Table 4). This presumably
reflects the transfer of the cis-9,trans-11 CLA present in the in-
fused supplements to milk fat, as trans-11 18:1 was unaltered.

The yields of all milk FA were decreased by CLA treatment,
except for cis-9,trans-11 and trans-10,cis-12 CLA, the two
CLA isomers that were present in the CLA treatments (Table
5). Milk fat secretion of cis-9,trans-11 was maintained,
whereas the yield of trans-10,cis-12 was increased by the CLA
treatments. However, there were no differences between the
CLA forms in the yield of individual FA, except for a slightly
higher yield of 12:0 for the ME-CLA treatment. Based on the
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FIG. 1. Temporal pattern of milk fat yield in cows (n = 3) during abomasal
infusion of different forms of CLA. Treatments were control (excipient
only), methyl esters of CLA (ME-CLA), and FFA of CLA (FFA-CLA). The
SEM averaged 0.127 kg/d for milk fat yield across days –1 to 5.

TABLE 3
Intake and Milk Production Results During Abomasal Infusion of CLA Supplements

Treatmenta P

Control ME-CLA FFA-CLA SEM CLAb Formc

DMId (kg) 20.9 21.4 20.0 2.28 0.88 0.41
Milk yield (kg) 21.6 22.0 20.6 3.77 0.78 0.28
Milk fat
Content (wt%) 3.55 2.18 2.27 0.12 0.01 0.64
Yield (kg) 0.77 0.48 0.47 0.12 0.02 0.92

Milk protein
Content (wt%) 2.97 3.02 3.17 0.18 0.14 0.14
Yield (kg) 0.63 0.65 0.64 0.09 0.53 0.53

SCCe (×1000) 58 75 101 45.00 0.19 0.28
aValues represent day 5 of abomasal infusion for control (excipient only), ME-CLA, and FFA-CLA. For abbreviations see
Table 2.
bContrast between the control and the combined CLA treatments.
cContrast between the ME-CLA and FFA-CLA treatments.
dDMI, dry matter intake.
eSCC, somatic cell count.



amount of trans-10,cis-12 CLA abomasally infused and its se-
cretion in milk, the transfer efficiency of trans-10,cis-12 CLA
into milk fat was calculated as 17.8% for ME-CLA and 18.8%
for FFA-CLA. When milk FA were grouped based on their
source (6), decreases in the response to CLA treatment were
obtained in the secretion of the de novo synthesized FA (<16-
carbon FA), preformed FA taken up from circulation (>16-car-
bon FA), and FA derived from both sources (16-carbon FA).

Multiple study analysis. When data from the present study
and six other studies in which lactating dairy cows were abo-
masally infused with trans-10,cis-12 CLA (3–5,12–14) were
combined, the exponential decay model accurately described
the relationships between the change in milk fat yield and (i)
abomasal dose of trans-10,cis-12 CLA (Fig. 2; R2 = 0.86), (ii)
milk fat content of trans-10,cis-12 CLA (Fig. 3; R2 = 0.93), and
(iii) secretion of trans-10,cis-12 CLA in milk fat (Fig. 4; R2 =
0.82). The relationship between the dose of trans-10,cis-12
CLA and the secretion of trans-10,cis-12 CLA in milk fat was

also of interest, as there was a strong positive linear relation-
ship across studies; the slope indicates the efficiency of trans-
fer of trans-10,cis-12 CLA into milk fat, and this value was
22% (Fig. 5).

DISCUSSION

A major objective was to investigate the effect of different
forms of CLA on milk fat synthesis. A substantial reduction in
milk fat synthesis occurred when CLA was supplied either as a
methyl ester or as a FFA, with no difference between the two
forms (Table 3). The only previous study to compare the effect
of forms of CLA on milk fat synthesis is the abstract by Han-
son et al. (21), who found no difference in the extent of MFD
with abomasal infusion of FFA-CLA and TG of CLA. The dose
of trans-10,cis-12 CLA in that study (~10 g/d) was near the
upper range at which trans-10,cis-12 CLA produced its maxi-
mal level of MFD (Fig. 2; Refs. 4,5) and had the potential to
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TABLE 4
Composition of Milk Fat During Abomasal Infusion of CLA 

Treatmenta P

FA (g/100 g) Control ME-CLA FFA-CLA SEM CLAb Formc

4:0 3.96 3.64 3.54 0.62 0.26 0.75
6:0 1.55 1.14 1.08 0.14 <0.01 0.38
8:0 0.71 0.50 0.47 0.05 <0.01 0.26

10:0 1.41 1.04 0.97 0.12 0.03 0.50
12:0 1.72 1.61 1.49 0.19 0.20 0.37
14:0 8.19 7.76 7.35 0.47 0.28 0.50
14:1 0.69 0.65 0.63 0.14 0.64 0.82
15:0 0.86 0.87 0.95 0.05 0.51 0.41
16:0 25.76 24.01 24.48 0.83 0.07 0.43
16:1 1.31 1.36 1.43 0.26 0.78 0.81
17:0 0.53 0.56 0.57 0.03 0.22 0.63
18:0 12.99 13.95 14.67 0.85 0.13 0.35
18:1
cis-9 30.40 31.81 31.50 0.77 0.13 0.65
trans-6–8 0.36 0.44 0.46 0.01 0.03 0.47
trans-9 0.33 0.36 0.37 0.02 0.03 0.26
trans-10 0.47 0.45 0.45 0.03 0.35 0.88
trans-11 1.56 1.65 1.58 0.07 0.54 0.56
trans-12 0.60 0.62 0.63 0.03 0.53 0.70

18:2
cis-9,cis-12 2.72 3.29 3.12 0.21 0.05 0.32
cis-9,trans-11d 0.63 0.95 0.90 0.03 0.01 0.38
trans-10,cis-12 <0.01 0.17 0.18 0.03 0.01 0.71

18:3 0.39 0.44 0.39 0.06 0.35 0.27
20:0 0.11 0.11 0.11 <0.01 0.08 0.20
Other 2.75 2.65 2.70 0.09 0.13 0.36
Desaturase ratioe

14:1/14:0 0.08 0.08 0.09 0.02 0.94 0.92
16:1/16:0 0.05 0.06 0.06 0.01 0.58 0.88
18:1/18:0 2.34 2.33 2.18 0.17 0.45 0.31
c9,t11/18:1t11 0.41 0.58 0.57 0.01 0.01 0.82

aValues represent day 5 of abomasal infusion for control (excipient only), ME-CLA, and FFA-CLA. For abbreviations see
Table 2.
bContrast between the control and the combined CLA treatments.
cContrast between the ME-CLA and FFA-CLA treatments.
dIncludes trans-7,cis-9 CLA that co-eluted owing to the GC method used. In milk fat from dairy cows, the trans-7,cis-9 CLA
isomer is generally about 10% of the cis-9,trans-11 CLA isomer (7).
eRatio for FA pairs that represent product/substrate for ∆9-desaturase.



conceal differences between the forms of CLA. The present ex-
periment indicates that the reduction in milk fat synthesis for
both ME-CLA and FFA-CLA was comparable at a dose of
trans-10,cis-12 CLA below that which induced maximum lev-
els of MFD.

Previous studies have investigated the digestion of FAME
using rodent models. Mead et al. (11) found that intestinal ab-
sorption of methyl esters of 9,11-octadecadienoic acid was nor-
mal in mice, provided some TG or MG was present to promote
emulsification. More recent studies with rats indicated that the
intestinal hydrolysis and absorption rates of methyl esters of
FA from menhaden and rapeseed oils were severalfold slower
than the corresponding TG (9,10). In the present study, the sim-
ilarity between ME-CLA and FFA-CLA in the reduction in
milk fat secretion (38 vs. 39%) and the proportion of the abo-
masal dose of trans-10,cis-12 CLA transferred to milk fat (18
vs. 19%) clearly indicated that the two forms of CLA were di-
gested with equal efficiency. The commercial manufacture of

the methyl esters of CLA utilizes lower levels of catalyst and
solvents at lower reaction temperatures as compared with the
manufacture of the FFA form, thereby reducing production
costs and affording a product of higher purity (8,22). Thus, the
methyl ester form of CLA has several potential advantages
when applied as an animal supplement. The use of CLA in ru-
minants will still require it to be protected from rumen metabo-
lism, and several methods of rumen protection have been de-
veloped, including Ca salts of FA, amides of FA, formaldehyde
treatment, and encapsulation (23,24). The former two methods
require the CLA be as a FFA, whereas the latter two methods
could use the methyl ester form of CLA to produce a supple-
ment.

The temporal pattern of milk fat secretion showed a decline
after the first day of CLA infusion, with the nadir achieved by
days 4–5. Further, CLA treatment had no effect on milk yield,
yield and content of milk protein, SCC, or feed intake. The
temporal pattern and the specificity of the response for milk fat
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TABLE 5
Secretion of FA in Milk Fat During Abomasal Infusion of CLA

Treatmenta P

FA (g/d) Control ME-CLA FFA-CLA SEM CLAb Formc

4:0 24.62 13.99 14.14 5.43 0.04 0.96
6:0 10.06 4.54 4.41 1.81 0.02 0.91
8:0 4.67 1.99 1.88 0.74 0.01 0.80

10:0 9.22 4.21 3.94 1.26 <0.01 0.57
12:0 11.17 6.53 5.96 1.39 <0.001 0.02
14:0 55.29 32.56 30.59 7.95 <0.001 0.11
14:1 4.62 2.59 2.33 0.69 0.05 0.70
15:0 5.78 3.69 3.73 0.71 <0.01 0.87
16:0 179.42 102.10 103.12 28.26 0.02 0.94
16:1 9.16 5.44 5.42 1.37 0.08 0.99
17:0 3.59 2.40 2.44 0.56 0.04 0.90
18:0 89.64 60.61 63.80 15.56 0.04 0.75
18:1
cis-9 208.27 135.63 131.41 28.94 0.02 0.78
trans-6–8 2.43 1.90 1.96 0.41 0.07 0.75
trans-9 2.19 1.51 1.51 0.26 0.03 0.97
trans-10 3.19 1.94 1.89 0.43 0.01 0.82
trans-11 10.65 7.10 6.82 1.67 0.03 0.75
trans-12 4.06 2.64 2.67 0.53 0.03 0.92

18:2
cis-9,cis-12 18.34 14.01 13.06 2.59 0.03 0.41
cis-9,trans-11d 4.29 4.10 3.86 0.81 0.38 0.52
trans-10,cis-12 <0.01 0.75 0.79 0.20 0.05 0.86

18:3 2.64 1.77 1.72 0.45 0.04 0.85
20:0 0.73 0.47 0.48 0.11 0.02 0.87
Other 18.86 11.31 11.25 2.46 0.02 0.97
Summatione

<16 125.44 70.09 66.98 19.27 <0.01 0.62
16:0 and 16:1 188.58 107.54 108.54 19.40 0.02 0.94
>16 350.01 234.83 232.41 51.80 0.03 0.93
aValues represent day 5 of abomasal infusion for control (excipient only), ME-CLA, and FFA-CLA. For abbreviations see
Table 2.
bContrast between the control and the combined CLA treatments.
cContrast between the ME-CLA and FFA-CLA treatments.
dIncludes trans-7,cis-9 CLA that co-eluted owing to the GC method used. In milk fat from dairy cows, the trans-7,cis-9 CLA
isomer is generally about 10% of the cis-9,trans-11 CLA isomer (7).
eGrouping is by the source of milk FA. FA <16 carbons were derived from de novo synthesis in the mammary gland; those
>16 carbons were taken up preformed from circulation, and 16-carbon FA were derived from both sources.



are consistent with results from previous studies in which
trans-10,cis-12 CLA was abomasally infused to mid- and late-
lactation dairy cows (3–5,12–14). The milk fat content returned
to pretreatment levels by day 5 after the CLA treatment ceased
(data not shown), which is also consistent with results from
other CLA abomasal infusion studies. 

Although a greater decline (116 vs. 57 g/d) occurred in the
incorporation of preformed FA (>C16) into milk fat than in that
of the de novo synthesized FA (<C16), there was a relatively
similar decrease in the proportion of milk FA derived from
these two sources (45 and 33% for <C16 and >C16, respec-
tively). This also has been observed in previous studies in
which cows received low doses of trans-10,cis-12 CLA (<5
g/d) but where, at higher doses, the effects on de novo synthe-

sized FA were more pronounced (3–5). Similarly, the lack of
effect of CLA treatment on the desaturase ratio, as seen in the
current study, has been observed by others at low CLA doses
(4,5). Trans-10,cis-12 CLA has been shown to inhibit both
gene expression and activity of ∆9-desaturase (12,25–27) and
to have effects on the desaturase ratio in lactating cows at
higher abomasal doses (3,4). However, in considering mecha-
nisms, the results of the present study show that alterations in
the desaturase ratio are not essential to obtain a marked reduc-
tion in milk fat secretion. The pattern of changes in milk FA
suggests that the mechanism through which trans-10,cis-12
CLA inhibits milk fat synthesis probably involves the coordi-
nated regulation of key lipogenic enzymes. Indeed, Baumgard
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FIG. 2. Decay model of the relationship between the change in milk fat
yield and the dose of trans-10,cis-12 CLA abomasally infused in lactat-
ing cows. Points were derived from the present investigation and six
other studies (3–5,12–14). For the exponential decay equation fitting
the data, y = % change in milk fat yield and x = dose of trans-10,cis-12
CLA (g/d); P < 0.001; SD = 5.74% change in milk fat.

FIG. 3. Decay model of the relationship between the change in milk fat
yield and the milk fat content of trans-10,cis-12 CLA during abomasal
infusion of trans-10,cis-12 CLA in lactating cows. Points were derived
from the present investigation and six other studies (3–5,12–14). For the
exponential decay equation fitting the data, y = % change in milk fat
yield and x = milk fat trans-10,cis-12 CLA (g/100 g FA); P < 0.001; SD =
4.11% change in milk fat.

FIG. 4. Decay model of the relationship between the change in milk fat
yield and the secretion of trans-10,cis-12 CLA in milk fat during abo-
masal infusion of trans-10,cis-12 CLA in lactating cows. Points were de-
rived from the present investigation and six other studies (3–6,12–14).
For the exponential decay equation fitting the data, y = % change in
milk fat yield and x = milk fat trans-10,cis-12 CLA (g/d); P < 0.001;
SD = 6.55% change in milk fat.

FIG. 5. Relationship between secretion of trans-10,cis-12 CLA in milk
fat and the abomasal infusion dose of trans-10,cis-12 CLA in lactating
cows. Points were derived from the present investigation and five other
studies (3–5,13,14). For the linear equation fitting the data, y = milk fat
trans-10,cis-12 CLA (g/d) and x = dose of trans-10,cis-12 CLA (g/d); P <
0.001; SE = 0.043 g/d of trans-10,cis-12 CLA secreted in milk fat.



et al. (12) demonstrated that mammary tissue from cows abo-
masally infused with trans-10,cis-12 CLA had reductions in
mRNA abundance for lipogenic genes involved in the uptake
and transport, de novo synthesis, desaturation, and TG synthe-
sis. Consistent with the coordinated pattern of regulation by
trans-10,cis-12 CLA, recent investigations using bovine mam-
mary cell cultures indicate that the signaling involves the sterol
response element-binding protein regulatory pathway (28).

A second objective of the present study was to develop gen-
eralized relationships between trans-10,cis-12 CLA and milk
fat across studies. The data set included the present study plus
six other studies in which trans-10,cis-12 CLA had been abo-
masally infused (3–5,12–14). The exponential decay model
that describes the relationship between abomasal dose and milk
fat yield (Fig. 1) indicates that, at a low dose of trans-10,cis-12
CLA, substantial decreases in milk fat yield occur, but beyond
a dose of 6 g/d, little additional decrease in milk fat synthesis is
observed. Although Bell and Kennelly (29) induced negative
effects on milk synthesis (reduction in milk yield and yields of
protein and lactose), they found that when trans-10,cis-12 CLA
was abomasally infused at a dose ca. eightfold greater (46 g/d),
the extent of MFD was limited to 57%, confirming that little or
no further reduction in milk fat synthesis occurs at doses of
trans-10,cis-12 CLA greater than 10 g/d. 

The exponential decay models for the relationships between
the change in milk fat yield and the trans-10,cis-12 CLA con-
tent and yield were appropriate models from a biological basis,
as small increases in milk fat content and yield of trans-10,cis-
12 CLA below 0.2% and 1.2 g/d, respectively, were associated
with relatively large decreases in milk fat yield (Figs. 3 and 4).
In contrast, a milk fat trans-10,cis-12 CLA content and yield
greater than 0.2% and 1.2 g/d, respectively, were associated
with a nadir in the reduction in milk fat yield ranging from 40
to 50%. 

We also observed a linear relationship between CLA dose
and milk yield of trans-10,cis-12 CLA. Thus, across studies the
mammary uptake and use of trans-10,cis-12 CLA for milk fat
synthesis was constant, with a 22% transfer efficiency of the
abomasal supply over the range of doses (0 to 10 g/d trans-
10,cis-12 CLA) and milk yields (20 to 37 kg/d). This is partic-
ularly impressive given the concomitant decrease in milk fat
yield that occurred as the abomasal dose of trans-10,cis-12
CLA increased (Fig. 2). This suggests that the mechanisms co-
ordinating the CLA-induced decrease in the use of preformed
FA for milk fat synthesis had a less pronounced effect on the
mammary uptake and incorporation of trans-10,cis-12 CLA
into milk fat, but the basis for this difference is not evident.

Overall, our results demonstrate that trans-10,cis-12 CLA
supplied as a methyl ester or a FFA were equally potent in re-
ducing milk fat synthesis. Thus, rumen-protected forms that
utilize either methyl esters or FFA of trans-10,cis-12 CLA
would be effective dietary supplements of CLA to induce
MFD. Finally, when data were combined from a range of stud-
ies with differing doses of trans-10,cis-12 CLA, response
curves were developed that showed high correlations relating
the reduction in milk fat yield to dose, milk fat content, and

milk fat secretion of trans-10,cis-12 CLA. Likewise, across
studies the transfer efficiency of abomasally infused trans-
10,cis-12 CLA into milk fat was relatively constant at 22%.
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ABSTRACT: Although medium-chain FA (MCFA) are mainly
absorbed via the portal venous system, they are also incorporated
into chylomicron TAG; therefore, the positional distribution of
MCFA in TAG is likely to affect their metabolic fate. We studied
chylomicron and VLDL TAG structures, as well as the magnitude
of postprandial lipemia, after two oral fat loads containing dec-
anoic acid (10:0) predominantly at the sn-1(3),2 (MML) or at the
sn-1,3 positions (MLM) of TAG in a randomized, double-blind,
crossover clinical trial with 10 healthy, normal-weight volunteers.
An MS-MS method was used to analyze TAG regioisomers. The
position of decanoic acid in chylomicron TAG reflected its posi-
tion in the TAG ingested, and TAG with none, one, two, or three
decanoic acid residues were detected after ingestion of both fats.
More (P < 0.05) 30:0 and 38:1 TAG (acyl carbons:double bonds)
and fewer 46:5, 54:5, and 54:4 TAG were found in chylomicrons
after ingestion of MML than after MLM. The VLDL TAG composi-
tion did not differ between the fat loads but did change (P < 0.05)
2 to 6 h after ingestion of both fats. No statistical differences were
seen between the fat loads in areas under the plasma, chylomi-
cron, or VLDL TAG response curves or in FFA concentrations.
Thus, the positional distribution of MCFA in TAG affects their
metabolic fate, but the magnitude of postprandial lipemia does
not seem to be dependent on the positional distribution of MCFA
in the ingested fat.

Paper no. L9454 in Lipids 39, 373–381 (April 2004).

TAG with medium-chain FA (MCFA, C6–C10) and long-chain
FA (LCFA, >C10), attached to specific locations on the glycerol
backbone, were first developed to deliver both energy and EFA
to infants and patients suffering from pancreatic insufficiency.
Unlike LCFA, which are transported in chylomicrons, MCFA
are transported predominantly in the portal blood. MCFA enter
mitochondria without carnitine and are preferentially oxidized.
TAG containing MCFA are ideal ingredients for functional
foods, since, in the long run, they may increase energy expendi-

ture, result in faster satiety, and facilitate weight control when in-
cluded in the diet as a replacement for fats containing LCFA (1).

The methodology for producing structured TAG with
MCFA predominantly in the sn-1/3 positions and LCFA in the
sn-2 position has been studied extensively. However, molecu-
lar-level effects of TAG with similar FA compositions but dif-
ferent positional distributions of FA have previously been com-
pared in the rat model only. In these studies MCFA have been
absorbed via the portal venous system as well as incorporated
into chylomicron TAG (2–5). The proportion of MCFA incor-
porated into chylomicrons has depended on the position of the
MCFA in the TAG molecule (2,6), and the overall lymph flow
or TAG output has (7) or has not (5) been affected by the loca-
tion of the MCFA.

The metabolic fate of MCFA of different structures has been
difficult to study at the molecular level in humans because of
the lack of sensitive methods of analysis. In this study, the MS-
MS method previously applied to regioisomer analysis of vari-
ous physiological samples containing TAG with LCFA (8–10)
and edible oils containing MCFA (11,12) was applied to the
analysis of chylomicron and VLDL TAG. The postprandial ef-
fects of two fats containing decanoic acid residues predomi-
nantly at the sn-1(3),2 or the sn-1,3 positions (MML and MLM,
respectively) were compared.

MATERIALS AND METHODS

Study design. The study used a randomized, double-blind
crossover design. Postprandial responses to two oral fat loads
predominantly containing decanoic acid at either the sn-1(3),2
or the sn-1,3 positions were measured over 6 h on two occa-
sions 4 wk apart. The study plan was approved by the Ethics
Committee of the Hospital District of Northern Savo.

Subjects. Seven female and three male volunteers were re-
cruited from the student population of the University of Kuopio,
Finland. Each subject had normal liver, kidney, and thyroid func-
tions and had no chronic illnesses. Each subject gave written in-
formed consent, and the subjects were free to discontinue partic-
ipation at any point in the study without explanation.

The volunteers [aged 24 ± 3 yr (mean ± SD), body mass
index 22.0 ± 2.4 kg/m2] exhibited the following characteristics
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at the fasting state: total cholesterol 4.5 ± 0.7 mmol/L, LDL
cholesterol 2.5 ± 0.5 mmol/L, HDL cholesterol 1.6 ± 0.3
mmol/L, TAG 1.0 ± 0.5 mmol/L, and plasma glucose 5.1 ± 0.3
mmol/L. There were no differences in any fasting values be-
tween the oral fat loads. Female volunteers were at the same
stage of their menstrual cycle on both test days.

The subjects were asked to fast overnight (14 h) and advised
not to consume alcohol or engage in strenuous exercise for 5 d
before the fat load. The subjects were advised to eat as usual
but to avoid fatty foods the evening before the fat load. The
subjects kept food records from Wednesday to Saturday the
week prior to the test week and the day preceding the test day.
The food diaries were calculated with Micronutrica software
(version 2.5), and no statistical differences were found between
the fat loads in the intake of energy nutrients (fat, protein, or
carbohydrate), FA (saturated, monounsaturated, or polyunsatu-
rated), or total energy. 

Oral fat load. Fat of the MML type was made from tridec-
anoin (Grünau GmbH, Illertissen, Germany) and rapeseed oil
FA (Henkel KGaA, Düsseldorf, Germany), and fat of the MLM
type was made from rapeseed oil (Aarhus Olie, Aarhus, Den-
mark) and decanoic acid (Grünau GmbH). Both were produced
by acidolysis [in either a continuous (MML) or batch (MLM)
reactor] with Lipozyme RM IM (Novozymes A/S, Bagsværd,
Denmark) as the active enzyme (13). The two resulting fats had
different positional distributions of FA but quite similar FA
compositions (Table 1) when measured as  described previ-
ously (14). Both fats were liquid at room temperature. 

The amount of fat in the test meal was 35 g per body square
meter area according to the Dubois body surface chart. The fat
was blended with ultra-high-temperature-treated skim milk low
in lactose so that the percentage of fat in the resulting mixture
was 30. Chocolate aroma (0.1 g) (Chocolate Flav-o-lok, Givau-
dan, Barneveld, The Netherlands) and 0.5 g of sweetener con-
taining 3% aspartame and 97% maltodextrin (G.D. Searle and
Co., Paris, France) were added, and the blend was served. Five
minutes prior to ingestion of the test meal, a rice cake (8.2 g)
topped with low-fat cheese [10 g cheese (12% fat, 7% saturated
fat)/70 kg body weight; Valio Ltd., Helsinki, Finland] was
served. Water (0.1 L) was provided with the meal. After 2 h,
subjects were provided water ad libitum.

Laboratory methods. Blood was drawn from an antecubital
vein at the fasting state and postprandially: at 20-min intervals
during the first hour; at 30-min intervals during the second
hour; and at 3, 4, 5, and 6 h.

The isolation of chylomicron- (Svedberg flotation > 400) and
VLDL- (Svedberg floation 20 to 400) rich fractions was per-
formed as described previously (15). Plasma TAG and serum
FFA concentrations were determined by enzymatic colorimet-
ric methods (Monotest Triglyceride GPO-PAP, Boehringer
Mannheim, Mannheim, Germany; NEFA C, ACS-ACOD
method, Wako Chemicals GmbH, Neuss, Germany). Serum in-
sulin was measured by a radioimmunoassay method (Phade-
seph Insulin RIA 100; Pharmacia Diagnostics, Uppsala, Swe-
den). Plasma glucose was analyzed with a glucose dehydroge-
nase method (Granutest 250; Diagnostica Merck, Darmstadt,
Germany). Incremental areas under the TAG response curves
were calculated by the trapezoidal rule with Canvas™ software
(version 6, Deneba Software Inc., Miami, FL).

Lipids from the chylomicron and VLDL samples collected
at 90 min to 6 h postprandially were extracted, and TAG were
separated from the extracted lipid mixture (16,17).

The M.W. distributions of TAG extracted from the chylomi-
cron and VLDL samples were determined with a triple-
quadrupole tandem mass spectrometer (TSQ-700; Finnigan
MAT, San Jose, CA) in quadruplicate (18,19). TAG regioiso-
mers of chylomicron samples at 1.5 to 6 h and VLDL samples
at 2, 4, and 6 h postprandially were determined in quadrupli-
cate by an MS-MS analysis based on negative-ion CI and col-
lision-induced dissociation with argon with the same instru-
ment as in the M.W. determination (18,20,21).

Results were calculated with an MSPECTRA program (Nu-
trifen, Turku, Finland) (22). The M.W. fractions corresponding
to the acyl carbon number:number of double bonds (ACN:DB)
46:3, 46:2, 52:3, and 52:2 were analyzed from chylomicron
TAG, and the 50:2, 52:3, and 52:2 fractions were analyzed
from VLDL TAG.

Mixtures of 1,2-dioleoyl-3-decanoyl-rac-glycerols and 1,3-
dioleoyl-2-decanoyl-sn-glycerols (99% pure; Larodan, Malmö,
Sweden) were used to optimize the MS-MS method for TAG
containing decanoic acid. The method was found to be less re-
gioselective in the analysis of TAG containing decanoic acid than
in that of TAG containing LCFA only, and to overestimate the
proportion of decanoic acid in the sn-2 position. Regioisomerism
results of TAG containing decanoic acid were corrected accord-
ing to second-order curves of real vs. measured results. Despite
this correction, the method was unable to detect less than 5.7%
TAG containing decanoic acid in the sn-1/3 position from TAG
containing decanoic acid in the sn-2 position (LLM and LML,
respectively); these cases (12 of 960 analyses) were assumed to
contain 5.7% LLM and 94.3% LML.

Statistical methods. Normal distribution of the data was
tested with the Shapiro–Wilk test. Paired-samples t-tests or
Wilcoxon matched-pairs signed ranks tests, depending on the
normality of the distribution, were used to compare dietary
records, chylomicron, and VLDL TAG M.W. fractions, regio-
isomers, incremental areas, and individual time points of
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TABLE 1
Total and sn-2 Position FA Composition of Test Fats (mol%), 1,2(2,3)-
Didecanoyl-3(1)-Long-Chain FA-sn-Glycerol Type Fat (MML) and
1,3-Didecanoyl-2-Long-Chain FA-sn-Glycerol Type Fat (MLM)

MML MLM

FA Total sn-2 Total sn-2

8:0 3.2 4.6 0.8 0.0
10:0 63.6 91.3 59.3 13.7
16:0 1.7 0.1 1.0 0.6
18:0 0.5 0.0 0.3 0.2
18:1 20.9 1.5 20.9 41.3
18:2n-6 6.3 0.5 11.7 28.3
18:3n-3 1.8 0.1 5.1 12.5
Others 2.0 1.8 0.9 3.6



plasma, chylomicrons, or VLDL TAG between the oral fat
loads. ANOVA for repeated measures (general linear model
test) was used to compare differences between chylomicron
and VLDL attributes within treatment. SPSS for Windows
(version 10; SPSS Inc., Chicago, IL) was used to analyze data.

RESULTS

No statistical differences were found between the fat loads in
areas under the plasma, chylomicron, of VLDL TAG response
curves or in the TAG, FFA, glucose, or insulin concentrations
at individual time points, except for a higher concentration of
chylomicron TAG after ingestion of MLM than after ingestion
of MML at the 6-h time point (0.17 ± 0.13 mmol/L and 0.07 ±
0.05 mmol/L, P = 0.01) (Fig. 1). 

Chylomicron TAG that were more abundant than 1.5% at
any measured time point, and the capric acid-containing TAG
38:3 and 44:3 are presented in Figures 2A and B. Major pro-
portions (54–72% after ingestion of MML and 62–76% after
ingestion of MLM)  were likely to contain no decanoic acid
residues (ACN 48–54). The proportion of TAG with predomi-
nantly one decanoic acid residue (ACN 42–46) was 15–27%
after ingestion of MML and 15–26% after MLM, and that of
two decanoic acid residues (ACN 32–38) was 8.3–13% after
MML and 5.0–7.8% after MLM. Tricaprin (ACN 30) ac-
counted for 1.5–2.6% after ingestion of MML and 0.3–0.8%
after MLM. There were proportionally more M.W. fractions of
30:0 and 38:1 and fewer of 46:5, 54:5, and 54:4 (P < 0.05 in
five or six of the six measured time points) in chylomicrons
after ingestion of MML than after MLM.
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FIG. 1. Postprandial responses of plasma TAG, chylomicron TAG, VLDL TAG, FFA, insulin, and glucose after oral fat loads containing fats of
1,2(2,3)-didecanoyl-3(1)-long-chain FA-sn-glycerol type (MML) (▲▲) and 1,3-didecanoyl-2-long-chain FA-sn-glycerol type (MLM) (●). Values are
means ± SD (n = 10). No statistical differences were seen between fat loads in areas under the plasma or chylomicron of VLDL TAG response
curves, or in TAG, FFA, glucose, or insulin concentrations at individual time points, except for a higher concentration of TAG after ingestion of
MLM than after MML at the 6-h time point (0.17 ± 0.13 mmol/L and 0.07 ± 0.05 mmol/L, P = 0.01).



The proportions of several chylomicron TAG M.W. frac-
tions changed during the postprandial response (P < 0.05) after
both fat loads (Figs. 2A and 2B). In many cases, only the 1.5-h
time point differed from the other time points. The proportion
of decanoic acid-containing TAG remained constant for 2 to 6
h after ingestion of both fats. The 48:2, 48:1, 50:2, 50:1, and
52:2 TAG decreased and the 54:4 increased (P < 0.05) in chy-

lomicrons 2 to 6 h after ingestion of both fat loads. Twelve
TAG regioisomers were quantified from M.W. fractions of
46:3, 46:2, 52:3, and 52:2 (Figs. 3A and 3B). The position of
dec-anoic acid in chylomicron TAG reflected its position in the
ingested fat, and the proportion of each decanoic acid-contain-
ing TAG differed (P < 0.05) after ingestion of fats of the MML
and MLM type at all measured time points. The proportion of
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FIG. 2. Chylomicron TAG M.W. distribution. Molar percentages of chylomicron TAG according to M.W. (acyl car-
bon number:number of double bonds, ACN:DB) during postprandial lipemia in subjects receiving an oral fat load
containing structured fats of MML type (A) or MLM type (B). Values are means ± SD (n = 10). Times of blood draw
(1.5, 2, 3, 4, 5, and 6 h from left to right, respectively) are represented by the bars. An asterisk, *, and asterisk in
parentheses, (*), indicate a difference from the linear trend (P < 0.05) between time points 2–6 h and 1.5–6 h, and
1.5–6 h only, respectively, in the general linear model test for the corresponding ACN:DB fractions within a fat
load. The following ACN:DB fractions differ (P < 0.05) in five or six of the six measured time points between fat
loads: 30:0, 38:1, 46:5, 54:5, and 54:4. For other abbreviations see Figure 1.



TAG without decanoic acid did not differ between fat loads.
Only two regioisomers were present at significantly different
proportions after ingestion of the two fats (sn-18:1-16:1-18:1
at 4 h and sn-18:1-16:0-18:1 at 4 h). Proportionally nonlinear
(P < 0.05) behavior was often seen between the 1.5- and 6-h
time points, but not between the 2- and 6-h time points. sn-
16:0-18:1-18:1 + sn-18:1-18:1-16:0 decreased (P < 0.05) after
both meals.

The VLDL TAG M.W. fractions that were more abundant
than 1.5% at any measured time point are presented in Figures

4A and 4B. Most VLDL TAG contained three LCFA residues,
but some TAG that were likely to contain one decanoic acid
residue were present in the VLDL fraction. Many VLDL TAG
showed significant (P < 0.05) nonlinear behavior after inges-
tion of the MLM fat load only, but similar nonsignificant (P >
0.05) behavior was also noticeable after ingestion of MML. In
general, at 1.5 to 6 h postprandially, TAG with ACN of 44–46
fluctuated, whereas TAG with ACN of 48–52 had a tendency
to decrease, and TAG with ACN of 54 had a tendency to in-
crease.
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FIG. 3. Positional distribution of FA in chylomicron TAG. Positional distribution of chylomicron TAG with ACN:DB
46:3, 46:2, 52:3, and 52:2 during postprandial lipemia in subjects receiving an oral fat load containing structured
fats of MML type (A) or MLM type (B). Values are molar percentages (means ± SD) of chylomicron TAG (n = 10).
Times of blood draw (1.5, 2, 3, 4, 5, and 6 h from left to right, respectively) are represented by the bars. An asterisk,
*, and an asterisk in parentheses, (*), indicate a difference from the linear trend (P < 0.05) between time points 2–6
h and 1.5–6 h, and 1.5–6 h only, respectively, in the general linear model test for the corresponding regioisomer
within a treatment. The following regioisomers differ between fat loads: TAG containing decanoic acid at all time
points, sn-18:1-16:1-18:1 at 4 h, and sn-18:1-16:0-18:1 at 4 h. For abbreviations see Figures 1 and 2.



Fourteen regioisomers were quantified from the M.W. frac-
tions of 50:2, 52:3, and 52:2 (Figs. 5A and 5B). sn-16:0-18:1-
18:1 + sn-18:1-18:1-16:0 was the most abundant (12–18 %) of
all the VLDL TAG. Between-treatment differences were mini-
mal: Only the 4-h time point of sn-18:2-16:0-18:1 + sn-18:1-

16:0-18:2 and the 6-h time point of sn-18:1-16:0-18:1 differed
(P < 0.05) between treatments. sn-16:0-18:1-18:1 + sn-18:1-
18:1-16:0, sn-14:0-18:1-18:1 + sn-18:1-18:1-14:0, sn-16:0-16:1-
18:1 + sn-18:1-16:1-16:0, and sn-16:0-16:0-18:2 + sn-18:2-16:0-
16:0 decreased (P < 0.05) after ingestion of both fat loads.
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FIG. 4. VLDL TAG M.W. distribution. Molar percentages of VLDL TAG according to M.W. (ACN:DB) during post-
prandial lipemia in subjects receiving an oral fat load containing structured fats of MML type (A) or MLM type (B).
Values are means ± SD (n = 10). Times of blood draw (1.5, 2, 3, 4, 5, and 6 h from left to right, respectively) are
represented by the bars. An asterisk, *, and asterisk in parentheses, (*), indicate a difference from the linear trend
(P < 0.05) between time points 2–6 h and 1.5–6 h, and 1.5–6 h only, respectively, in the general linear model test
for the corresponding ACN:DB fractions within treatment. The following ACN:DB fractions differ (P < 0.05) be-
tween fat loads: 44:2, 6 h; 44:1, 6 h; 46:3, 2 h; 46:2, 5 h, 6 h, 48:2, 6 h; 52:5 6 h; 52:1, 1.5 h; 54:7, 4 h, 5 h, 6 h,
54:6 6 h, 54:5 6 h, 54:4 4 h, 56:7 4 h, 5 h, 6 h. For abbreviations see Figures 1 and 2.



DISCUSSION

As previously observed in rats (3), decanoic acid was trans-
ported both via the portal venous route and in chylomicrons.
Large individual variations in plasma and chylomicon TAG
concentrations and chylomicron TAG M.W. compositions were

likely to result from individual differences in the magnitude of
the two transport routes. Decanoic acid was transported in chy-
lomicrons predominantly in the same position as in the fat in-
gested, indicating that decanoic acid had entered the same path-
way as chylomicron LCFA. 

The larger proportions of decanoic acid-containing 30:0 and
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FIG. 5. Positional distribution of FA in VLDL TAG. Positional distribution of VLDL TAG with ACN:DB 50:2, 52:3,
and 52:2 during postprandial lipemia in subjects receiving an oral fat load containing structured fats of MML type
(A) or MLM type (B). Values are molar percentages (means ± SD) of VLDL TAG (n = 10). Times of blood draw (2, 4,
and 6 h from left to right, respectively) are represented by the bars. An asterisk, *, indicates a difference from the
linear trend (P < 0.05) between time points in the general linear model test for the corresponding regioisomer within
a fat load. The following regioisomers differ between fat loads: sn-18:2-16:0-18:1 + sn-18:1-16:0-18:2 at 4 h and
sn-18:1-16:0-18:1 at 6 h. For abbreviations see Figures 1 and 2.



38:1 TAG after ingestion of MML in chylomicrons was com-
pensated for by larger proportions of non-decanoic acid-con-
taining 54:5 and 54:4 TAG after ingestion of MLM, possibly
causing the areas under the chylomicron TAG response curves
to be undifferentiated. In rats, the lymphatic absorption of
MCFA located in the sn-2 position has been more efficient than
of those located in the sn-1/3 positions in some (2,6) but not all
(23) studies. Neither the lymphatic output rate nor the accumu-
lated lymphatic transport has previously been related to the po-
sition of MCFA in the TAG (5,23). However, Straarup and Høy
(23) concluded that higher recovery of exogenous α-linolenic
acid after ingestion of structured MLM-type fat than after in-
gestion of a randomized oil or a physical mixture, and a similar
quantity of decanoic acid in the lymph after ingestion of the
three oils were indications of better hydrolysis and absorption
of the structured MLM fat than of the other oils tested. Our
present results indicate that structured TAG do not necessarily
provide any extra benefit to healthy adults compared with ran-
domized TAG with the same FA composition where the mag-
nitude of postprandial lipemia is concerned. In this aspect, our
study supports a recent study in which no differences in energy
expenditure or substrate oxidation were found in a crossover
trial with 11 healthy volunteers who consumed three meals
with modified fats containing octanoic acid and LCFA in the
same proportions but in different sn-positions (structured
MLM, randomized fats, and physically mixed fats) (24). Al-
though structured lipids have, to date, not proven to reduce the
postprandial lipid response or increase satiety in healthy adults
compared with randomized fats with the same FA composition,
structured lipids of MLM are important in the nutritional sup-
port of patients suffering from malabsorption (23,25,26). 

Changes in the chylomicron TAG M.W. composition, and
variations between subjects, were of greater magnitude in the
current study than in our previous trials with palm oil (9) or
lard (10). However, some of the results obtained in these three
trials are surprisingly similar: Of the M.W. fractions followed
after six meals (palm oil, transesterified palm oil, lard, modi-
fied lard, MLM, and MML), 48:2 has decreased (1.5 to 6 h
postprandially, P < 0.05) on five of six occasions, 48:1 on four
of six occasions, 50:3 on all six occasions, and 50:2 on five of
six occasions. However, comparison of these studies is prob-
lematic, since the FA compositions of palm oil, lard, and struc-
tured TAG are very different. 

In the current study, the nonlinear behavior of M.W. frac-
tions is believed to result from at least three factors. First, the
fact that significantly less decanoic acid-containing TAG (38:3,
38:1, 44:3, 46:4, 46:3, and 46:2) were present at the 1.5-h time
point than at the 2- to 6-h time points could have resulted from
greater transport of decanoic acid in the portal venous blood up
to 1.5 h or from the greater contribution of endogenous FA up
to this point. Second, LCFA could have been preferentially in-
corporated into chylomicron TAG in the enterocytes until the
storage capacity of the cell was full. However, the difference
between chylomicron TAG at the 1.5-h time point and at the 2-
to 6-h time points also was noticeable after ingestion of palm
oil (9). Third, the physical properties of chylomicrons depend

on the FA composition (27) and structure of TAG, and decanoic
acid might have altered chylomicron susceptibility to the stereo-
selective behavior of lipoprotein lipase. However, action of the
lipoprotein lipase did not seem to be affected by the positional
distribution of decanoic acid, since all non-decanoic acid-con-
taining TAG behaved similarly after ingestion of both meals. 

Some low-molecular-weight TAG (ACN 44–46) were
found in the VLDL-rich fraction. It is theoretically possible that
these TAG were not in VLDL but in chylomicron remnants,
since the chylomicron- and VLDL-rich fractions were isolated
based on density of the lipoproteins. However, we think this is
unlikely, because these low-molecular-weight of TAG were not
present in VLDL in the same proportions as in the chylomi-
crons and because differences in the VLDL TAG structure have
been modest in our previous trials (8,10), despite clear differ-
ences in TAG structure in the chylomicron fraction. 

The behavior of VLDL TAG was similar after ingestion of
both fats, despite the fact that some changes were significant
after only one of the fat loads. The TAG 50:3 and 50:2 de-
creased in the current study and in the lard-based study, but
52:3 and 52:2 behaved differently in the two studies (10). The
behavior of many VLDL TAG regioisomers was dissimilar in
the current study compared with the lard-based study (10), but
sn-16:0-18:1-18:1 + sn-18:1-18:1-16:0 was the most abundant
VLDL TAG in all three of the studies (8,10). 

Our studies confirm that decanoic acid is transported both
via the portal venous route and in chylomicrons in healthy
adults, and that the positional distribution of the fat ingested is
well preserved in chylomicrons. The positional distribution of
MCFA affected their metabolic fate, but the magnitude of post-
prandial lipemia did not seem to be dependent on the positional
distribution of MCFA in the ingested fat.
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ABSTRACT: The aims of this study were to obtain concentrated
pinolenic acid (5,9,12-18:3) from dietary Korean pine (Pinus
koraiensis) nut oil by urea complexation and to investigate its cho-
lesterol-lowering effect on the LDL-receptor activity of human hep-
atoma HepG2 cells. Pine nut oil was hydrolyzed to provide a
low-pinolenic acid-containing FA extract (LPAFAE), followed by
crystallization with different ratios of urea in ethanol (EtOH) or
methanol (MeOH) as a solvent to produce a high-pinolenic acid-
containing FA extract (HPAFAE). The profiles of HPAFAE ob-
tained by urea complexation showed different FA compositions
compared with LPAFAE. The long-chain saturated FA palmitic
acid (16:0) and stearic acid (18:0) were decreased with urea/FA
ratios (UFR) of 1:1 (UFR1), 2:1 (UFR2), and 3:1 (UFR3). Linoleic
acid (9,12-18:2) was increased 1.3 times with UFR2 in EtOH, and
linolenic acid (9,12,15-18:3) was increased 1.5 times with UFR3
in MeOH after crystallization. The crystallization with UFR3 in
EtOH provided the highest concentration of pinolenic acid,
which was elevated by 3.2-fold from 14.1 to 45.1%, whereas that
of linoleic acid (9,12-18:2) was not changed, and that of oleic
acid (9-18:1) was decreased 7.2-fold. Treatment of HepG2 cells
with HPAFE resulted in significantly higher internalization of 3,3′-
dioctadecylindocarbocyanine-LDL (47.0 ± 0.15) as compared
with treatment with LPAFAE (25.6 ± 0.36) (P < 0.05). Thus, we
demonstrate a method for the concentration of pinolenic acid and
suggest that this concentrate may have LDL-lowering properties
by enhancing hepatic LDL uptake.
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Many people are becoming more aware of the relationship be-
tween diet and disease and believe that foods can be designed
to help prevent various diseases (1). Functional and nutraceuti-
cal foods are food components that provide demonstrated phys-
iological benefits or reduce the risk of chronic disease above
and beyond their basic nutritional functions (2,3). Thus, dietary
modification is a potential strategy for the prevention of chronic
diseases such as arthritis, coronary heart disease, and osteo-
porosis. It has been reported that dietary fat clearly affects

plasma lipoprotein levels, and that FA have unequal lipid-low-
ering properties (4). PUFA have been shown to reduce plasma
lipid levels, but their plasma lipid-lowering effects differ de-
pending on the type of PUFA (5). Because PUFA have hypo-
cholesterolemic activity but are not converted to biologically
active eicosanoids, they are assumed to be desirable. In this re-
gard, the nuts of a certain class of plant, Pinaceae, have been
investigated for the past 10 yr. The conifer nuts contain unusual
unsaturated polymethylene-interrupted FA (UPIFA) with a cis-5
ethylenic bond, designated ∆-UPIFA (6). Among them, dietary
pine (Pinus koraiensis) nuts are traditionally consumed in Asia
as a condiment for various dishes. The pine nut oil is known as
the only conifer nut oil rich in pinolenic acid (5,9,12-18:3), a
UPIFA that is available commercially (6,7). The main FA of
pine nut oil are linoleic acid (9,12-18:2, 48.4%), oleic acid (9-
18:1, 25.5%), and ∆-UPIFA (17.7%), of which pinolenic acid
(14.9%) is a major component (8).

Many studies have shown that pine nut oil has hypocholes-
terolemic activity in animals. For example, it reduces blood
pressure and attenuates serum VLDL-TAG and VLDL choles-
terol (8,9). However, it is difficult to investigate the effect of
pinolenic acid on cholesterol metabolism, because the FA com-
position of dietary fat in several studies has been shown to con-
tain a significant amount of other PUFA, such as linoleic acid,
which has been reported to have hypocholesterolemic effects
(10,11). The main objective of this work was to produce con-
centrated pinolenic acid from pine nut oil by urea crystalliza-
tion because pinoleic acid content is the main variable in com-
positions of PUFA. A higher concentration of natural pinolenic
acid would make it possible to study the positive effects of any
particular pinolenic acid on lipid metabolism. We also com-
pared the cholesterol-lowering effects of high-pinolenic acid-
containing FA extract (HPAFAE) with the control—low-
pinolenic acid-containing FA extract (LPAFAE)—by measur-
ing the hepatic LDL receptor.

MATERIALS AND METHODS

Reagents and materials. All chemicals and solvents were of
analytical grade. Potassium hydroxide and FA standards were
from Sigma Chemical Co. (St. Louis, MO).

Preparation of pine nut oil. For the preparations of pine nut
oil, P. koraiensis seeds collected in Korea were purchased locally
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(Agricultural Marketing Center, Seoul, Korea). The oil from the
dehulled seeds was extracted by a modification of the procedure
of Gomes and Caponio (12). A volume (1 L) of n-hexane was
added to 0.2 kg of pine nuts, which were macerated for 2 min in
a Waring blender. The suspension was thoroughly mixed for 12
h. A solvent-and-oil solution was then separated from the pine
nut residue. The process was repeated twice with 1 L of n-
hexane. Finally, the combined hexane solution was passed
through filter paper in a separatory funnel, and the solvent was
removed in a rotary evaporator at 40°C to yield pine nut oil.

Preparation of FA of pine nut oil. The pine nut oil sample (5
g) was hydrolyzed by refluxing it with 500 mL of 1.25 N
NaOH solution in 95% ethanol for 30 min. The solution was
cooled, and 2 N HCl was then added and mixed. The mixture
was extracted twice with 500 mL of hexane and washed with
water until the pH was neutralized. The hexane layer was dried
over anhydrous sodium sulfate. LPAFAE were recovered with
a rotary evaporator, followed by N2-gas purging.

Crystallization. The LPAFAE sample (5 g) was dissolved in
60 mL of two different solvents, ethanol (EtOH) or methanol
(MeOH). Then 10 g of urea [urea/FA ratio 1:1 (UFR1), 2:1
(UFR2), or 3:1 (UFR3)] was added to each alcoholic solution,
which was then refluxed for 20 min and cooled. The solution
was allowed to crystallize at 4°C for 24 h. The crystals were
shaken and then removed by filtration on a Büchner funnel.
The filtrate was vacuum-evaporated at 40°C, and 125 mL of 6
N hot HCl was added for its acidification. To recover the
HPAFAE, the acidified solution was extracted three times with
125 mL of hexane. The hexane extract was neutralized with
water, dried over Na2SO4, and evaporated to dryness in a ro-
tary evaporator followed by N2-gas purging. The dried FA were
weighed to determine crystallization yield.

GC analysis. Derivatizations of the pine nut oil and isolated
FA were performed as described by Ko et al. (13). Methyl es-
ters of FA were extracted with n-hexane. Then 1-µL aliquots
of the extracts were injected into a gas chromatograph (Varian
3800; Varian Inc., Walnut Creek, CA) equipped with an FID.
The column used was a SUPELCOWAX 10 fused-silica capil-
lary column (30 m × 0.32 mm i.d.; Supelco, Bellefonte, PA).
The injector, oven, and detector temperatures were 240, 190,
and 260°C, respectively. Pinolenic acid was identified by
GC–MS, and other FA were identified by comparison with the
retention times of standards. FA analysis was conducted in trip-
licate for each sample collected at different time points.

GC–MS spectroscopy analysis. To identify pinolenic acid in
the pine nut oil, a GC-mass analysis was performed on a gas
chromatograph (Agilent 6890 plus; Agilent, Palo Alto, CA)
equipped with a SUPELCOWAX 10 fused-silica capillary col-
umn (30 m × 0.32 mm i.d.; Supelco) and coupled to a mass spec-
trometer (Agilent 5973 MSD) with a Mass Lab data system. He-
lium was used as a carrier gas at a flow rate of 1 mL/min. The
injector temperature was 250°C, and the samples were injected
under the same conditions as reported earlier for GC analyses.
The mass spectra were recorded at an electron energy of 70 eV,
and the ion source temperature was 270°C. Mass spectra were
compared with those of mass spectra libraries.

Subfraction of LDL. Blood samples were provided from the
Hanyang University College of Medicine (Seoul, Korea). The
blood sample was added to 0.1% EDTA, and plasma was pre-
pared by centrifugation (1000 × g for 20 min). The LDL frac-
tion was isolated as described by Graham et al. (14). Briefly,
50% (wt/vol) iodixanol solution was prepared by diluting 5 vol
of OptiprepTM (Axis-Shield PoC AS, Oslo, Norway) with 1 vol
of 0.8% (wt/vol) NaCl and 0.2 mM of PBS, pH 7.4. Plasma (3
mL) was mixed with 50% iodixanol (1 mL) to give a final con-
centration of iodixanol of 12.5% (wt/vol), and 0.5 mL was
transferred to tubes (Beckman Coulter, Fullerton, CA) for a
VTi 65.1 vertical rotor (Beckman Coulter). The samples were
underlain with a cushion of 20% (wt/vol) iodixanol (0.5 mL)
before the tubes were filled by overlaying them with PBS. The
tubes were ultracentrifuged at 33,000 × g at 16°C for 3 h in an
ultracentrifuge, and the gradient of LDL was collected.

LDL labeling. The LDL label was prepared with the fluo-
rescent probe 3,3′-dioctadecylindocarbo-cyanine (DiI; Molec-
ular Probes, Eugene, OR) by a modification of the method de-
scribed by Stephan and Yurachek (15). Briefly, a stock solution
of DiI was made by dissolving 30 mg of DiI in 1 mL of DMSO,
and an appropriate volume was added to the LDL solution,
with adjustment to 1 mg of LDL per mL to yield a final con-
centration of 300 µg of DiI per mg of LDL protein. The mix-
ture was incubated at 37°C for 18 h under dark conditions to
produce DiI-labeled LDL (DiI-LDL), to which was subse-
quently added 50% iodixanol solution as described in the Sub-
fraction of LDL section. DiI-LDL was reisolated by ultracen-
trifugation (33,000 × g at 16°C for 3 h), dialyzed (Spectrapor
MWCO 3500; Serva, Heidelberg, Germany) against PBS (18
h, 4°C), and sterilized by filtration (0.4 µm; Sigma, St. Louis,
MO). The final protein concentration was determined by the
method of Lowry et al. (16). The DiI-LDL was stored at 4°C
in the dark and used within 7 d.

DiI and DiL-LDL standard curve. A standard solution of DiI
(0–200 ng/mL) was prepared in isopropanol, and its fluores-
cence was measured in a fluorometer (Model SFM-25; Kon-
tron, Zürich, Switzerland) with excitation/emission wave-
lengths of 522/564 nm. Standard solutions of DiI-LDL
(100–1000 ng of protein per mL) were prepared from a stock
solution of 2.3 mg of LDL protein per mL in isopropanol, and
their fluorescence was measured as already described. The spe-
cific activity of DiI-LDL samples was calculated as the amount
of DiI (µg) incorporated into 1 mg of LDL protein.

Cell culture and LDL-uptake assay. HepG2 cells were ob-
tained from the American Type Culture Collection (Rockville,
MD). The cells were routinely cultured in minimum essential
medium (MEM) containing 10% FBS and penicillin G (100
IU/mL; Sigma, St. Louis, MO) and were maintained at 37°C in
equilibrium with 5% CO2–95% air in T-75 cell-culture tubes
(NunclonTM; Nunc A/S, Roskilde, Denmark). For experiments,
cells (2.5 × 105 cells/well) were seeded into six-well plates in
MEM supplemented with 10% FBS, grown until the culture
was 70–80% confluent, and switched to MEM containing 7.5%
FA-free BSA for an additional 24 h. 

Afterward, to determine the dose–response of cell-bound or

384 J.-W. LEE ET AL.

Lipids, Vol. 39, no. 4 (2004)



cell-associated LDL, the HepG2 cells were incubated with DiI-
LDL (10–90 µg protein/mL) for 2 h at 4 and 37°C, respectively;
to perform experiments with FA, cells were treated with serum-
free MEM containing 1.0 mM of a respective FA extract/albu-
min complex or 0.25 mM of albumin alone as a control at 37°C
for 2 h. The cells were then incubated with 10 µg protein/mL
of DiI-LDL in MEM containing 7.5% FA-free BSA for an ad-
ditional 2 h at 4 and 37°C, respectively. Stock solutions of FA
extract/albumin mixture were prepared as described by Cho et
al. (17). Briefly, 20 µmol of the appropriate FA extract prepared
from pine nut oil or its concentrate were dissolved in 1.0 mL of
sterilized water at temperatures between 25 and 75°C. Five mi-
cromoles (300 mg) of FA-free BSA were dissolved in 4.0 mL
of MEM culture medium (pH 7.4). The FA extract solution was
complexed to FA-free BSA (4:1 molar ratio) by dropwise addi-
tion of FA dissolved in ethanol to a solution of BSA with con-
tinuous stirring and mixed with MEM containing 10% FBS in
a final concentration of 1 mM.

At the end of each incubation period, the cells were washed
extensively with PBS, and 2 mL of isopropanol was added to
each well, with gentle shaking of the plates for 15 min. The ex-
tracts were collected into 15-mL centrifuge tubes and cen-
trifuged at 1500 × g for 15 min at 4°C, after which the fluores-
cence was determined as described above. DiI content in the
extracts was determined according to the DiI standard curve.
The cells were dissolved in 2 N NaOH for protein determina-
tion. The dose–response of internalized LDL was calculated as
the difference between cell-associated (37°C) and membrane-
bound (4°C) LDL.

RESULTS AND DISCUSSION

Enrichment in pinolenic acid by crystallization and the FA pro-
file. The crystallization of pine nut oil was performed with
UFR1, UFR2, and UFR3 to provide the highest possible yield
of pinolenic acid. The yields of total FA with the urea/FA ra-
tios of UFR1, UFR2, and UFR3 in EtOH as a solvent were 77,

58, and 23%, respectively, and in MeOH as a solvent they were
65, 65, and 27%, respectively (Table 1).

Urea forms a complex with high-carbon-number alkanes
compared with unsaturated FA (17). The saturated FA, palmitic
acid (16:0) and stearic acid (18:0), were decreased with an in-
creased UFR and were efficiently eliminated from pine nut oil
after crystallization (Table 1). The monounsaturated FA oleic
acid (18:1) was also decreased 7.2-fold with UFR3 in EtOH
and 5.4-fold with UFR3 in MeOH. Conversely, of the PUFA,
linoleic acid (9,12-18:2) was increased 1.3 times with UFR2 in
EtOH, and linolenic acid (9,12,15-18:3) was increased 1.5
times with UFR3 in MeOH after crystallization. 

Enrichment of pinolenic acid in pine nut oil also depends on
the UFR. The level of pinolenic acid was increased from 14.1
to 16.8, 23.0, and 45.1% with UFR1, UFR2, and UFR3 in
EtOH, respectively, and to 15.1, 20.4, and 33.6% with UFR1,
UFR2, and UFR3 in MeOH, respectively. The highest concen-
tration of pinolenic acid (a 3.2-fold elevation) was achieved by
crystallization with UFR3 in EtOH.

Considering that the oleic acid concentration was decreased
to a large extent and that the linolenic acid level was not
changed with this condition, the crystallization with UFR3 in
EtOH provided an optimal condition for the selective increase
in pinolenic acid enhancement in LPAFAE. In comparing the
HPAFAE with UFR3 in EtOH with the LPAFAE as a control,
the difference in PUFA composition between LPAFAE and
HPAFAE was mainly attributed to the pinolenic acid concen-
tration. We investigated the LDL-uptake assay with these two
FA extracts in the next experiment.

LDL receptor activity with DiI-LDL. In dose–response
studies, the cell-associated, -bound, and -internalized DiI-LDL
appeared to reach a plateau by 60 µg/mL (Fig. 1). Because the
internalization of LDL by receptor-mediated endocytosis is in-
hibited at 4°C, the total LDL binding at this temperature exclu-
sively represents cell surface binding.

The cell association, surface binding, and internalization of
DiI-LDL (60 µg/mL) in cells treated with LPAFAE or
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TABLE 1
Urea Crystallization of FA Prepared from Korean Pine Nut Oila

Solventsb

Control UFR-EtOH UFR-MeOH
FA (LPAFAE) 1:1 2:1 3:1 1:1 2:1 3:1

Yield (wt%)c 100 77 58 23 65 65 27
16:0 3.88 1.17 0.34 0.27 1.26 0.48 0.17
18:0 2.01 0.32 0.14 0.12 0.35 0.24 ND
18:1 28.9 23.8 10.8 4.11 27.3 14.4 5.05
5,9-18:2 2.27 2.60 3.10 1.88 2.50 2.90 2.76
9,12-18:2 48.7 55.2 62.3 48.2 53.2 61.4 58.2
5,9,12-18:3 14.1 16.8 23.0 45.1 15.2 20.4 33.6
9,12,15-18:3 0.19 0.21 0.25 0.25 0.20 0.23 0.28

Recovery of pinolenic
acid (wt%)d 100 91.8 95.4 74.0 40.4 94.0 64.5

aFor the urea crytallization procedure, see the Materials and Methods section. LPAFAE, low-pinolenic acid-containing FA
extract; EtOH, ethanol; MeOH, methanol.
bUFR-EtOH, urea/FA ratio (UFR) in EtOH as a solvent; UFR-MeOH, UFR in MeOH as a solvent.
cWeight% based on the original FA.
dRecovery of pinolenic acid based on the initial contents in FA. ND, not detected. 



HPAFAE at 37 and 4°C are shown in Table 2. The treatment of
cells with 1 mM of HPAFAE or LPAFAE for 2 h resulted in a
significant increase in the cell-associated DiI-LDL compared
with the nontreated control (92.2 ± 1.25) (P < 0.05). However,
the bound DiL-LDL was lower in cells exposed to HPAFAE
(66.3 ± 0.43) than to LPAFAE (74.8 ± 0.74). The internaliza-
tion of DiI-LDL was significantly higher in cells exposed to
HPAFAE (47.0 ± 0.15) than to LPAFAE (25.6 ± 0.36) (P <
0.05). These results may be related to the findings of Cho et al.
(17) in which HepG2 cells treated with 18:0 showed signifi-
cantly decreased LDL uptake compared with 18:1, 18:2, and
18:3. In our study, the levels of the saturated FA 16:0 and 18:0
contained in HPAFAE were 14 and 17 times lower, respec-
tively, than those in LPAFAE (Table 1). Our study cannot di-
rectly answer whether the observed effect on LDL-receptor ac-
tivity was due to pinolenic acid since we did not use purified
FA. In the preliminary study, however, we treated HepG2 cells
with mixtures of 16:0, 18:0, and 18:1 corresponding to the
molar amounts of each of these FA present in LPAFAE and
HPAFAE. The mixtures of the three FA corresponding to the
molar amounts in LPAFAE showed the lowest LDL uptake
value; the mixtures having the molar amounts in HPAFAE
showed a higher LDL uptake value than the control, and the
value was the highest in cells exposed to HPAFAE (data not
shown), suggesting that pinolenic acid in HPAFAE is likely to
have contributed to the effect of LDL uptake.

From these results, we demonstrated that urea complex for-
mation is a promising method for fractionating pinolenic acid
from pine nut oils. This method involves ecologically friendly
reagents and reagent recycling (18). The mild conditions would

not affect the molecular structures of the highly unsaturated FA
(19). Pinolenic acid content was the main variable that differed
between HPAFAE and LPAFAE in compositions of PUFA, and
it increased 3.2-fold, to 45.1% of the total FA in HPAFAE. In
this study, HPAFAE had the potential to lower LDL via hepatic
uptake in vitro. Thus, the beneficial effects of this particular
acid on various lipid variables in animal studies can be investi-
gated effectively and precisely with this high-pinolenic acid
extract and with further purified pinolenic acid.
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ABSTRACT: Two lipovitellin (LV) forms containing the same
apoproteins but differing in their lipid composition were isolated
from Macrobrachium borelii eggs at early (LVe) and late (LVl) em-
bryogenic stages and characterized. These two forms of LV, as
well as liposomes prepared with lipids extracted from them, were
used as simpler models to study the effect of the pesticide feni-
trothion (FS) on their structures and functions. Rotational diffu-
sion and fluorescence lifetime of two fluorescent probes [1,6-
diphenyl-1,3,5-hexatriene (DPH) and 3-(p-(6-phenyl)-1,3,5-hexa-
trienal)phenylpropionic acid (DPH-PA)] were used to obtain
information on structural changes induced by FS in the inner and
outer regions of the LV, respectively. Comparison of the rotational
behavior of these probes in native LV and liposomes (LP) from ex-
tracted LV lipids suggests that apoprotein–lipid interactions result
in an ordered neutral lipid core. FS increased the lipid phase po-
larity of both LV and LP forms. The rotation of these probes in LP
was not affected, suggesting a dependence of FS action on
lipid–protein interactions. DPH-PA steady-state anisotropy
showed that, unlike the LVe form, the LVl form was sensitive to
extremely low FS concentrations. The ability of both LV to trans-
fer palmitic acid to albumin was increased, but in a dissimilar
manner, by the presence of FS. Such differences in the sensitivity
of the LV at different steps of embryogenesis to FS influence the
toxic action of this insecticide.

Paper no. L9429 in Lipids 39, 389–396 (April 2004).

Pesticides frequently have toxic effects on nontarget organisms.
In this regard, some lipophilic insecticides tend to accumulate
in cellular membranes, modifying their physicochemical prop-
erties and physiological functions (1–3). Small amounts of
organophosphate insecticides alter several properties of artifi-
cial phospholipid bilayers and natural vertebrate or invertebrate

membranes, such as permeability, lipid order, and dynamics
(4–12). We have demonstrated that the organophosphate insec-
ticide fenitrothion (FS; O,O-dimethyl O-4-nitro-m-tolyl phos-
phorothioate) also incorporates into several circulating inverte-
brate lipoproteins, altering their lipid dynamics, the penetration
of water into the lipid phase, and their ability to exchange FA.
Differential alterations in these physical properties were found
in shrimp lipoproteins with different lipid and apoprotein com-
positions (13). These changes were also found in spider
lipoproteins, e.g., a different basal lipid order as well as
lipid/apoprotein ratio (14). Use of lipoprotein systems with
fewer variables should be suitable for carrying out studies of
liposomes (LP) or lipoproteins that exhibit either a different
lipid or apoprotein composition.

Crustacean lipovitellins (LV), the main energy and carbon
source in the vitellus, are necessary for embryogenesis. They are
likely to be exposed to insecticides, either by direct water–egg
contact or when transported to the ovary by a plasma vitellogenin
(15). The shrimp Macrobrachium borellii contains only one LV,
which is consumed during embryo development (16). In the pres-
ent work two forms of this LV, one obtained from eggs at early
embryonic stages (LVe) and the other at late stages (LVl), were
characterized with respect to their lipid and protein composi-
tions. These two forms of LV, as well as LP prepared with lipids
extracted from them, were used as simpler models to study the
effect of the pesticide FS on their structures and functions.

The structural organization of LV as related to the presence
of FS was studied by measuring the lipid-phase dynamics and
polarity. The rotational behavior and fluorescent lifetime of two
lipid-soluble fluorescent probes, 1,6-diphenyl-1,3,5-hexatriene
(DPH) and its propionic acid derivative 3-(p-(6-phenyl)-1,3,5-
hexatrienyl)phenylpropionic acid (DPH-PA), were determined.
Although these probes contain the same fluorescent moiety,
they are expected to locate in different regions of the lipopro-
tein lipid phase. The neutral DPH senses the deep hydrophobic
region of lipid bilayers and the neutral lipid core in spherical
lipoproteins (17), whereas the amphipathic DPH-PA aligns its
carboxylate group with the phospholipid polar head and thus
senses the surface lipid monolayer of spherical lipoproteins or
the most external regions of lipid bilayers. The same measure-
ments were made in LP prepared with extracted LV lipids to
elucidate the role of LV lipids and apolipoproteins.

Copyright © 2004 by AOCS Press 389 Lipids, Vol. 39, no. 4 (2004)

*To whom correspondence should be addressed at INIBIOLP, Facultad de
Cs. Médicas, UNLP, Calle 60 y 120, La Plata (1900), Argentina.
E-mail: mgbaro@atlas.med.unlp.edu.ar
Abbreviations: CHO, cholesterol; ▲▲, polarized phase shift; DPH, 1,6-
diphenyl-3,5-hexatriene; DPH-PA, 3-(p-(6-phenyl)-1,3,5-hexatrienyl)phenyl-
propionic acid; FS, fenitrothion (O,O-dimethyl O-4-nitro-m-tolyl phospho-
rothioate); LP, liposome; LPe, liposome at early embryogenic stage; LPl,
liposome at late embryogenic stage; LV, lipovitellin; LVe, lipovitellin at early
embryogenic stage; LVl, lipovitellin at late embryogenic stage; rs, steady-
state anisotropy; r∞, limiting anisotropy; SM, sphingomyelin; τ, fluorescence
lifetime; τm, modulation lifetime; τp, phase-shift measured lifetime; τr, rota-
tional correlation time.

Fenitrothion-Induced Structural and Functional
Perturbations in the Yolk Lipoproteins
of the Shrimp Macrobrachium borellii 

Fernando García, María R. Gonzalez-Baró*, Horacio Garda,
Monica Cunningham, and Ricardo Pollero

Instituto de Investigaciones Bioquímicas de La Plata (INIBIOLP), Consejo Nacional de Investigaciones 
Científicas y Técnicas (CONICET)–Universidad Nacional de La Plata (UNLP), (1900) La Plata, Argentina



The importance of FS–lipoprotein interactions can be con-
sidered in two ways: (i) Lipoproteins may carry FS to target or-
gans (13), and (ii) FS may alter the transfer of other lipids by
the lipoprotein. The latter mechanism was explored in this
work by studying the effect of FS on the palmitic acid transfer
capacity of LV by using albumin as the acceptor. 

EXPERIMENTAL PROCEDURES

Samples. Wild animals were captured in a water course close
to Rio de la Plata, Argentina, immediately before the experi-
ment. Eggs from females (150 eggs each) at early (<26 d) and
late (>40 d) embryonic development stages were collected. The
different stages were identified according to previous reports
dealing with the whole embryogenesis (18). Eggs were homog-
enized in 3 mL of phosphate buffer, 50 mM, pH 7.4, and se-
quentially ultracentrifuged at 10,000 × g for 20 min and then at
100,000 × g for 60 min. LV were isolated from the final super-
natant (cytosolic fraction). 

LV isolation. Yolk lipoproteins were isolated by density gra-
dient ultracentrifugation. Cytosolic fraction (1 mL) was over-
layered on 3 mL NaBr solution (density 1.26 g/mL) containing
0.01% sodium azide and centrifuged at 178,000 × g for 24 h at
10°C in a Beckman L8 70 M centrifuge, using a SW 60 Ti
rotor. Saline solution of the same density as that of samples was
centrifuged in parallel to determine relative densities and to
check the appropriate gradient formation. Density was deter-
mined in a Bausch & Lomb refractometer. The total volume of
the tubes was fractionated from top to bottom into 0.2-mL
aliquots, and the protein content of each fraction was monitored
spectrophotometrically at 280 nm. The zone in the gradient
containing LV (aliquots 9–11) was separated as a whole frac-
tion. Thus, LVe and LVl were obtained from eggs at the early
and late embryogenesis stages, respectively.

Lipid and protein analysis. Lipids were extracted following
the method of Folch et al. (19). Lipid classes were quantified
by TLC coupled with an FID in an Iatroscan apparatus Model
TH-10, after separation on Chromarods SIII (Iatron, Tokyo,
Japan), using a triple development solvent system as described
previously (20). MAG was used as internal standard. FA were
analyzed by GLC under the conditions described previously
(21). 

Total protein concentration in each fraction isolated from
the density gradient was measured colorimetrically by the
method of Lowry et al. (22). LVe and LVl apoproteins were an-
alyzed by native and dissociating electrophoresis. Analyses in
nondissociating conditions were performed by using a 4–23%
PAGE. Protein subunits were analyzed by SDS-PAGE using a
gradient of 4–23% acrylamide (23). The gels were stained with
Coomassie Brilliant Blue R-250 (Sigma Chemical Co., St. Louis,
MO). M.W. were calculated as previously described (24).

LP preparation. Total lipids of LVe and LVl were extracted
and used for LP preparation (LPe and LPl, respectively). Ex-
tracts containing 1 mg lipids were evaporated to dryness, hy-
drated with 3 mL of 50-mM potassium phosphate buffer, pH
7.4, vortexed, and then sonicated using a tip sonicator for 5

min. After centrifugation for 2 h at 80,000 × g, lipid analysis of
the supernatant confirmed that all lipids originally present in
the sample had been dispersed and incorporated into LP.

Sample labeling with fluorescent probes. For labeling, 3 mL
of 50-mM potassium phosphate buffer, pH 7.4, with LV (0.1
mg/mL in protein) or LP (0.09 mg/mL in lipid) were mixed
with a few microliters of concentrated DMSO solutions of
DPH or DPH-PA to reach a final concentration of 2 µM. Blanks
without the fluorescent probes and with the same volume of
DMSO were used to correct the measurements for nonspecific
fluorescence and light scattering. Samples were gently swirled
at 20°C for at least 2 h in darkness to allow a complete equili-
bration of the probes with the LV or LP. FS from a concentrated
ethanolic solution was added to samples prior to equilibration
at concentrations of 1, 10, or 20 ppm. 

Fluorescence measurement. All fluorescence measurements
were carried out in an SLM 4800 C phase-modulation spectro-
fluorometer (SLM Instruments Inc., Urbana, IL). Steady-state
anisotropy (rs) was measured within a temperature range of
10–30°C for LV, and 10–45°C for LP. Fluorescence lifetime (τ)
and differential polarized phase shift (▲▲) were measured only
at 10 and 30°C.

Measurements of rs, τ, and ▲▲ were made as described (12)
by using an excitation wavelength of 361 nm and a cutoff filter
(Schott KV 389) to isolate the emitted light. For τ measure-
ments, exciting light was amplitude-modulated at 18 and 30
MHz by a Debye–Sears modulator and vertically polarized by
a Glan–Thompson polarizer. Emitted light passed through the
filter and then through a Glan–Thompson polarizer oriented
55° to the vertical to eliminate effects of Brownian motion (25).
Phase shift and demodulation of emitted light relative to a ref-
erence of known τ were determined and used to compute
phase-shift measured lifetime (τp) and modulation lifetime
(τm), respectively (25). 1,4-Bis(5-phenyloxazol-2-yl) benzene
in ethanol, which has a τ of 1.35 ns (26,27), was used as refer-
ence. ▲▲ was determined according to Lakowicz (28,29) by ex-
citation with light modulated at 18 and 30 MHz and vertically
polarized, and the phase difference between the parallel and
perpendicular components of the emitted light was measured.

The obtained values for rs, τ, and ▲▲ were used to calculate
the limiting anisotropy (r∞) and the rotation rate as previously
described (26,27) in accordance with the theory developed by
Weber (30). Calculation of τr and r∞ from measurements at dis-
crete frequencies requires homogeneity in the rotamer fluores-
cence lifetime (25,26).

Release of FA from LV. Proteins from LVe and LVl (30 mg)
were incubated with 3 µCi [1-14C]palmitic acid (57.0 mCi/
mmol, 99% radiochemically pure; NEN, Boston, MA) as the
ammonium salt for 30 min and dialyzed for 24 h using 0.1 M
Tris-HCl, pH 8.0, to remove the nonbound FA. The labeled LVe
and LVl were exposed to 0, 1, and 20 ppm of FS for 1 h. Sam-
ples were then incubated with 20 mg/mL of albumin as FA ac-
ceptor for 30 min. After incubation, samples were analyzed
under native conditions by preparative gel filtration fast-flow
protein LC on a Superdex 200 HR 10/30 column (Amersham-
Pharmacia, Uppsala, Sweden) using 0.1 M Tris-HCl, pH 8.0,
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at a flow rate of 0.4 mL/min. Protein was detected spectrophoto-
metrically at 280 nm. The column was calibrated with thyroglob-
ulin, ferritin, BSA, and ribonuclease A (Amersham-Pharma-
cia) as M.W. protein markers. LV and albumin fractions were
separately collected on the basis of their retention times and
relative mass ratios. The radioactivity of palmitic acid bound
to each protein peak was quantified by liquid scintillation
counting. The amount of protein in each peak was colorimetri-
cally quantified using the method of Lowry et al. (22).

RESULTS

Isolation and characterization of LV. LV were isolated from
the cytosol of eggs at different embryonic development stages
by density gradient ultracentrifugation. Measurements of ab-
sorbance at 280 nm performed on each fraction from the gradi-
ents showed similar protein profiles for both LV forms (Fig. 1).
Fractions containing the maxima, corresponding to LVe and
LVl, respectively, were characterized separately. Hydrated den-
sity, and lipid and FA compositions of both forms of LV are
shown in Table 1. PC was the most abundant lipid in LVe, fol-
lowed by other phospholipids and TAG. A marked decrease in
PC, a minor decrease in TAG, and a concomitant increase in
FFA, cholesterol (CHO), and sphingomyelin (SM) contents
were observed throughout development. Also, palmitic acid
(16:0) declined as the percentage of 20-carbon PUFA (20:4 and
20:5) increased. Lipid/protein ratios in LVe and LVl were found
to be similar and consistent with their densities.

Figure 2 shows the results obtained from the electrophoretic
analysis of LVe and LVl performed under native (A) and disso-
ciating (B) conditions. Electrophoretic mobility of the proteins
revealed, under native conditions, a predominant band of 440
kDa in both LV (Fig. 2A). In dissociating conditions, two bands
of 94 and 112 kDa were observed (Fig. 2B).

Effect of FS on the rotational behavior of DPH and DPH-
PA in LV and LP built up with LV lipids. Steady-state anisot-

ropy of DPH (Figs. 3 and 5) and DPH-PA (Figs. 4 and 6) were
measured over temperature ranges of 10–30°C in LV (Figs. 3
and 4) and 10–45°C in LP (Figs. 5 and 6) in the absence or the
presence of 1, 10, and 20 ppm of FS. Although rs is often used
as a mobility parameter, it is highly dependent on τ. Then mea-
surements of τ are essential to interpret rs variations correctly
and to determine the environment polarity. Time-resolved or
phase-modulation-resolved anisotropy as limiting anisotropy
(r∞) and rotational correlation time (τr) were used for a thor-
ough interpretation of the rotational motion of a fluorescent
probe (DPH or DPH-PA) and the environment properties. r∞ is
inversely related to the extent of wobbling motion of the probe
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FIG. 1. Total protein (absorbance at 280 nm) and density distribution
(▲) in egg cytosol fractions after gradient ultracentrifugation. Samples
of egg cytosol were obtained at early (LVe) (●) and late (LVl) (■) stages
of embryonic development. LVe, lipovitellin at an early embryogenic
stage; LVl, lipovitellin at a late embryonic stages.

TABLE 1
Lipid Compositiona of Lipovitellins Isolated from Vitellus of Egg
Yolk of Macrobrachium borellii

Fraction

Lipid classes LVe LVl

TAG (%) 20.5 ± 1.8 16.7 ± 1.5
FFA (%) 5.9 ± 0.6 10.4 ± 0.7
Cholesterol (%) 7.9 ± 0.5 13.7 ± 1.0
PE (%) 15.8 ± 1.2 19.5 ± 3.6
PC (%) 41.9 ± 3.6 24.9 ± 4.4
Sphingomyelin (%) 7.6 ± 0.5 14.1 ± 1.5

Major FA (%)
14:0 3.7 2.4
16:0 22.3 17.6
16:1n-7 14.0 10.9
18:0 9.0 8.9
18:1n-9 20.1 20.5
18:1n-7 10.6 11.9
18:2n-6 7.0 7.7
20:4n-6 4.1 7.0
20:5n-3 7.8 11.9

Total lipids (mg/150 eggs) 14.1 ± 4.3 3.5 ± 2.6
Total proteins (mg/150 eggs) 47.2 ± 8.0 14.1 ± 7.0
Lipid/protein ratio 0.29 0.25
Hydrated density (g/mL) 1.18–1.19 1.18–1.19
aData are expressed as weight percentage of lipids as determined by TLC-
FID. Values represent the mean ± SD of three analyses. LVe, lipovitellin at
an early embryogenic stage; LVl, lipovitellin at a late embryogenic stage. 

FIG. 2. Native (A) and dissociating (B) gel electrophoresis of LVe and
LVl. Both gels were done using polyacrylamide gradients of 4–23%
wt/vol. Proteins were revealed by Coomassie Blue staining. ST, stan-
dard; for other abbreviations see Figure 1.



and indicates the ordering of the environment; τr is the inverse
of the rotational rate and provides data on the environmental
viscosity. For both probes, but especially for DPH, τm were
somewhat higher than phase lifetimes, τP, indicating some het-
erogeneity in the fluorophore population. However, the fact that
the values obtained for τr and r∞ were relatively independent
of the frequency indicated that they were essentially correct av-
erage values of the rotamer populations. 

(i) Influence of apolipoproteins and different lipid composi-
tion on LVe and LVl. All samples showed a linear decrease of
rs with temperature, but DPH rs showed a greater temperature
dependence than did DPH-PA rs (Figs. 3–6). Comparison of
LV with their corresponding LP indicated that the presence of
apolipoproteins increased the rs in both probes, this effect being
more conspicuous for DPH rs. This particular effect was also
observed on τ values, since apolipoproteins increased the life-

times of DPH without altering DPH-PA lifetimes (Fig. 7). r∞
was increased by apolipoproteins in the environment of DPH-
PA (up to 2.5-fold higher at 30°C), and to an even greater ex-
tent in the environment of DPH (up to 12-fold higher in LV
than in LP) (Table 2). Moreover, the time τr of DPH was in-
creased by the presence of apolipoproteins, but DPH-PA τr was
not affected (Table 2). Altogether, these data indicate a particu-
lar effect of apolipoproteins on the neutral lipid core, decreas-
ing the DPH environment polarity as well as hindering and
slowing the DPH rotational motion. In the absence of
apolipoproteins, DPH rotation became nearly isotropic (with a
very low r∞) at 30°C.

Similar DPH rs values were observed when comparing both
LV, whereas DPH-PA rs was higher in LVe than in LVl (Fig. 4).
A similar difference was observed when comparing LPe with
LPl (Fig. 6); a somewhat higher DPH-PA r∞ was observed in
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FIG. 3. Effect of fenitrothion (FS) on the 1,6-diphenyl-1,3,5-hexatriene
(DPH) fluorescence anisotropy (rs ) in LVe (A) and LVl (B). rs is plotted
vs. temperature in the absence (●) or in the presence of 1 (●●), 10 (▼),
and 20 ppm (▼▼) of FS. Values represent the average of five different de-
terminations ± SD. For other abbreviations see Figure 1.

FIG. 4. Effect of FS on the 3-(p-(6-phenyl)-1,3,5-hexatrienyl)phenylpro-
pionic acid (DPH-PA) rs in LVe (A) and LVl (B). (rs) is plotted vs. temper-
ature in the absence (●) or in the presence of 1 (●●), 10 (▼), and 20 ppm
(▼▼) of FS. Values represent the average of five different determinations
± SD. For other abbreviations see Figures 1 and 3.



LVe with respect to LVl (see Table 2), and the same trend was
observed when comparing LPe with LPl. However, no differ-
ences could be found in r∞ of DPH nor in the τr of DPH and
DPH-PA in both LV forms. These facts suggest that the differ-
ent lipid compositions of the LV affected the lipid ordering in
the surface monolayer but not in the neutral lipid core. A
slightly increased τ for both probes also was observed in LVe
with respect to LVl (Fig. 7). However, differences in τ values
were not noticeable when comparing LPe with LPl in the ab-
sence of apolipoproteins (Fig. 7); they could be attributed to a
different interaction of apolipoproteins with the lipids in each
LV.

(ii) Influence of FS. The presence of high concentrations of
FS resulted in a strong increase of rs for both probes in both types
of LV and LP. The major effect of the insecticide was observed
at higher temperatures, resulting in a decreased temperature

dependence of rs in FS-containing samples. FS also produced a
large decrease in τ of both probes, an effect that was greater with
DPH (Fig. 7). No detectable effect of FS on the rotational behav-
ior of DPH and DPH-PA in the LP samples could be observed.
Thus, the increase in DPH and DPH-PA rs that was noted in sam-
ples containing FS was exclusively due to the reduction of τ. The
same effect was observed in LVe for DPH-PA, whose rotational
behavior was not affected by FS (Table 2). But an increase in
lipid ordering, as reflected by measurements of r∞ values, was
detected for both LV with the core-sensing probe DPH, and only
for LVl with the surface probe DPH-PA (see Table 2). A decrease
in τr of DPH and DPH-PA was also observed for LVl, but not for
LVe. Thus, these data indicated that FS was incorporated into all
these systems, decreasing the polarity of the regions sensed by
DPH and DPH-PA. However, FS altered the lipid dynamics only
in the neutral lipid core sensed by DPH in LVe, whereas both
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FIG. 5. Effect of FS on the DPH rs in LPe (A) and LPl (B). rs is plotted vs.
temperature in the absence (●) or in the presence of 1 (●●), 10 (▼), and
20 ppm (▼▼) of FS. Values represent the average of five different deter-
minations ± SD. For abbreviations see Figures 1 and 3.

FIG. 6. Effect of FS on the DPH-PA rs in LPe (A) and LPl (B). rs is plotted
vs. temperature in the absence (●), or in the presence of 1 (●●), 10 (▼),
and 20 ppm (▼▼) of FS. Values represent the average of five different de-
terminations ± SD. For abbreviations see Figures 1, 3, and 4.



regions (neutral core and surface monolayer) were affected in
LVl. These effects of FS on the lipid dynamics were dependent
on the presence of apolipoproteins, since they were not evident
in the protein-free LP systems.

At low FS concentrations, rs measurements for LV and LP
showed different degrees of sensitivity to the insecticide. On

one hand, the lipid region sensed by DPH was more sensitive
to 1 ppm FS in whole LV (Fig. 3) than in LP (Fig. 5), also point-
ing out the importance of apolipoproteins on the FS action in
the neutral lipid core. On the other hand, DPH-PA rs was sensi-
tive to 1 ppm FS in LVl but not in LVe (Fig. 4), and the same
was observed for the corresponding LP (Fig. 6), suggesting that
the different lipid compositions of these lipoproteins can mod-
ulate the effect of FS on the surface lipid monolayer properties.

Effect of FS on the transfer of [14C]palmitic acid from LV to
albumin. Figure 8 shows the percentage of [14C]palmitic acid
transferred from LV to albumin either in the absence or in the
presence of 1 and 20 ppm of FS. The addition of 20 ppm FS
produced an increment of around 170 and 109% in palmitic
acid transfer from LVe and LVl, respectively. However, at low
FS concentrations, LVl was more sensitive than LVe, since 1
ppm FS did not alter palmitate transfer from LVe but increased
it around 20% from LVl.
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FIG. 7. Phase lifetime (τP) of DPH (1) and DPH-PA (2) in LVe, LVl, LPe,
and LPl of Macrobrachium borellii, measured at 18 MHz in the absence
or presence of 1, 10, and 20 ppm FS at 10 (A) and 30°C (B). Student’s t-
test was used to compare the significance of the differences with respect
to the sample without FS: P < 0.0001. For abbreviations see Figures 1,
3, and 4.

TABLE 2
Rotation Correlation Time (τr ) and Limiting Anisotropy (r∞) of DPH and DPH-PA at 30°C in Liposomes (LP) and LVa

τr r∞ τr r∞

DPH
LVe Control 2.40 ± 0.6 0.12 ± 0.02 LVl Control 2.20 ± 0.26 0.12 ± 0.001

+20 ppm 1.60 ± 1.0 0.21 ± 0.05* +20 ppm 1.30 ± 0.70 * 0.22 ± 0.02*
LPe Control 1.38 ± 0.4 0.02 ± 0.03 LPl Control 1.50 ± 0.60 0.01 ± 0.04

+20 ppm 2.24 ± 2.0 0.01 ± 0.05 +20 ppm 1.40 ± 0.69 0.08 ± 0.05

DPH-PA
LVe Control 1.80 ± 1.0 0.23 ± 0.02 LVl Control 1.87 ± 0.24 0.2 ± 0.008

+20 ppm 1.88 ± 1.0 0.25 ± 0.06 +20 ppm 0.94 ± 0.50* 0.28 ± 0.01*
LPe Control 1.63 ± 0.8 0.10 ± 0.04 LPl Control 1.60 ± 0.57 0.08 ± 0.04

+20 ppm 0.90 ± 0.4 0.16 ± 0.02 +20 ppm 1.20 ± 1.0 0.14 ± 0.07
aValues represent the average of five determinations ± SD. P was calculated by two-way Student’s t-test, comparing sam-
ples with their respective controls. Asterisk (*), P < 0.001. DPH, 1,6-diphenyl-3,5-hexatriene; DPH-PA, 3-(p-(6-phenyl)-
1,3,5-hexatrienyl)-phenylpropionic acid; for other abbreviations see Table 1.

FIG. 8. Release of palmitic acid from LVe and LVl. Releasing capacity of
palmitic acid from LV of M. borellii was checked in the presence of 1 and
20 ppm of FS. Purification of LV was done by FPLC, and radioactivity was
quantitated by liquid scintillation. P was calculated by Student’s t-test by
comparison of treated and untreated samples: P < 0.05(*); NS, not signifi-
cant.



DISCUSSION 

Structural organization of lipids in LV. Neutral and amphi-
pathic probes like DPH and DPH-PA have been used to obtain
information on the structural organization of natural (17) or re-
constituted (31) lipoproteins. In lipoproteins with a high con-
tent of neutral lipids such as TAG, these lipids build up a cen-
tral core surrounded by a superficial monolayer of amphipathic
lipids. Certain lipids such as DAG (17) and CHO (32) can be
distributed between the core and surface. On the other hand,
lipoproteins lacking neutral lipids have a discoidal morphology
with a bilayer of amphipathic lipids (33). LV lack cholesteryl
esters but have about 20% of TAG that are, in principle, a
somewhat high amount to be easily accommodated within a
phospholipid bilayer. It is expected that a neutral molecule such
as DPH will display less hindered rotation in a disordered neu-
tral lipid core than in a lipid bilayer. Although r∞ of DPH in LV
is lower than that of DPH-PA, it is relatively high for a disor-
dered lipid core and compatible with values obtained in lipid
bilayers. However, it should be taken into account that DPH
should partition between the core and superficial monolayer
(17), and a relatively small core has to be expected with only
20% of neutral lipids. Another fact to be taken into account is
the influence of apolipoproteins. In this respect, the results ob-
tained here with LP of LV lipids are enlightening. DPH r∞ is
extremely low in these protein-free systems, indicating nearly
isotropic rotation, which is incompatible with a bilayer organi-
zation. This fact suggests that, in the absence of apolipopro-
teins, LV lipids are organized as small emulsions with a highly
disordered core and a surface monolayer of amphipathic lipids.
Comparison of the rotational behavior of DPH and DPH-PA in
LV and LP systems indicates that apoproteins preferentially
hinder DPH rotation. It is possible that apolipoproteins force
the incorporation of neutral lipids of LV into the bilayer of a
discoidal lipoprotein. However, recent evidence obtained from
negative staining electron microscopy (Garcia, C.F., unpub-
lished results) indicates that LVe does not form the “rolls” of
stacked structures characteristic of discoidal lipoproteins. Thus,
TAG in LV likely form a core with relatively high ordering
owing to interaction with one or both apolipoproteins. This in-
teraction of apolipoproteins with the neutral lipid core of LV is
also suggested by the selective increase in DPH τ, when com-
paring LV with LP systems.

LV modification during embryogenesis. During embryogene-
sis in M. borellii, the lipid composition of LV was modified with-
out changes in apolipoprotein composition and lipid/protein
ratio. The major changes were an increase in SM, CHO, and FFA
with a corresponding decrease in PC contents. A replacement of
saturated FA by PUFA was also observed. One of the aims of
this work was to study how these changes in lipid composition
affect the lipid dynamics and apolipoprotein–lipid interaction in
LV. In spite of the large changes in lipid composition in LVe and
LVl, no difference in the rotational mobility of DPH was ob-
served, and only a small decrease in lipid ordering was sensed
by DPH-PA in LVl compared with LVe. The environmental po-

larity of both probes was somewhat higher in LVl than in LVe.
Moreover, these differences between LVe and LVl were not evi-
dent when the apolipoprotein-free systems LPe and LPl were
compared, indicating that they depended on apolipoprotein–lipid
interactions or some other structural characteristic that was dis-
rupted in the procedure of lipid extraction and LP preparation.
These results indicated that the condensing effect expected as a
result of the increase in CHO and SM content in LVl was coun-
terbalanced by other changes such as replacement of saturated
FA by PUFA or the increase in FFA content.

Effect of FS on LV lipid phase properties. FS at high con-
centrations decreased the τ of DPH by more than 50% and of
DPH-PA by about 30% in both LV and LP. This effect was ob-
served in other lipoprotein and lipid systems (13,14) and was
attributed to an increased amount of water penetration in the
lipid phase owing to packing defects produced by the insecti-
cide. FS also produced an increase in r∞ of DPH in LVe and
LVl, indicating that this insecticide increased the ordering of
the neutral lipid core in both LV. The rotational behavior of
DPH-PA, however, was affected by FS in LVl but not in LVe, a
difference that should be attributed to the different composi-
tions in amphipathic lipids evoked by these forms of LV. FS af-
fected the properties of the superficial monolayer of LVl in
such a way that DPH-PA seemed to wobble in a more restricted
angle but at a higher rate, as indicated by the increase in r∞ and
the decrease in τr. No appreciable influence of FS on the rota-
tional behavior of DPH or DPH-PA was observed in LP of the
extracted LV lipids, a fact that indicates that apolipoprotein–
lipid or apolipoprotein–FS interactions play an important role
in the effect of this insecticide. A higher sensitivity of LVl to
FS in comparison with that of LVe is evidenced by measure-
ments of DPH-PA rs at low FS concentrations (1 ppm).

Effect of FS on the transfer of palmitic acid to albumin. The
ability of LV to transfer palmitic acid to albumin is increased
by FS in a concentration-dependent way. It was shown that FS
decreased FA uptake by other lipoproteins (13). These facts
suggest that FS decreases the capacity and/or affinity of
lipoprotein to bind FA, which in turn might be due to a compe-
tition between FS and FA for the same binding site or to the al-
teration of the lipid phase properties produced by FS. Further
experimentation will be necessary to distinguish among these
possibilities and to identify the molecular basis of FS action on
the ability of LV to transfer FA. At a low FS concentration (1
ppm), palmitic acid transfer to albumin was not affected in LVe,
but it was increased about 20% in LVl; this fact correlates with
a higher sensitivity of LVl to the changes produced by FS in
the lipid phase properties.

In short, these results indicate that the modification in lipid
composition during embryogenesis in M. borellii LV plays an
important role in the structural changes and alterations in FA
transfer produced by FS. Such differences in sensitivity to FS
of the LV at different steps of embryogenesis affect the toxic
action of this insecticide. Additional research will be required
to learn whether FS can alter the transference of FA or other
lipids to physiological acceptors. 
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ABSTRACT: The preparation and characterization of a series of
deuterium-labeled intermediates used in the study of the biosyn-
thetic pathway for disparlure, the sex pheromone of Lymantria
dispar, is reported. The synthetic route starts with propargyl alco-
hol, and the deuterium atoms are introduced by deuteration of an
alkyne precursor in the presence of Wilkinson’s catalyst. The
olefinic bond was created by the Wittig reaction of a suitable
aldehyde with a common tetradeuterated phosphonium ylide in-
termediate. The presence of the expected label and its correct loca-
tion were confirmed by both MS and 13C NMR. These compounds
were successfully used to elucidate the disparlure biosynthetic
pathway.

Paper no. L9472 in Lipids 39, 397–401 (April 2004).

Many female insects produce and release their sex pheromones
into the environment to attract their conspecific males for mat-
ing. These sex pheromones usually consist of complex blends
of chemical components that the male can detect. In this con-
text, considerable research on the sex pheromone communica-
tion system has been conducted in the past 25 yr. However,
how females biosynthesize the species-specific pheromone
components is known for only a few species that utilize alco-
hols, aldehydes, or acetates. So far, very little research has been
conducted on the biosynthetic pathways leading to hydrocar-
bon sex pheromone components in moths, cockroaches, and
flies (1–4). That has been the case for disparlure, (7R,8S)-2-
methyl-7,8-epoxyoctadecane, the main component of the
gypsy moth sex pheromone blend (5). This compound is an
epoxide pheromone that is produced by oxidation of (Z)-2-
methyl-7-octadecene (6).

Recently, we have studied the sex pheromone biosynthetic
pathway for disparlure in the gypsy moth, Lymantria dispar
(6). This biosynthetic pathway has been elucidated by means
of deuterium-labeled precursors (see Scheme 1), although a
brief description of their synthesis was given in a previous arti-
cle. In this work we present a full account of the preparation of
these deuterated probes as well as the structural characteriza-
tion of the different synthetic intermediates.

EXPERIMENTAL PROCEDURES

General methods. Commercial-grade reagents and solvents
were used directly as supplied with the following exceptions:
Acetonitrile (CH3CN) and THF were distilled over CaH2 and
Na/benzophenone, respectively, under an argon atmosphere.
Dimethylformamide (DMF) and hexamethylphosphoramide
(HMPA) were distilled and kept over molecular sieves (3Å).
Unless otherwise noted, all reactions sensitive to oxygen and
moisture were performed in flame-dried septum-sealed flasks
under either an argon or nitrogen atmosphere. Melting points
(m.p.) were determined in soft glass capillary tubes on a Stuart
Scientific SMP 10 apparatus and are uncorrected. Unless oth-
erwise stated, organic solutions obtained from the workup of
crude reaction mixtures were dried over MgSO4, and the pu-
rification procedures were carried out by flash chromatography
on silica gel (230–400 mesh); products were obtained mostly
as oils. Visualization of UV-inactive materials was accom-
plished by soaking the TLC plates in an ethanolic solution of
anisaldehyde and sulfuric acid (96:2:2, by vol) or in an ethano-
lic solution of phosphomolybdic acid (5%). Unless otherwise
noted, all 1H NMR spectra were acquired at 300 MHz, and 13C
NMR spectra were obtained at 75 MHz in freshly neutralized
CDCl3 solutions. Chemical shifts are given in ppm downfield
from Si(CH3)4 for 1H and downfield from CDCl3 for 13C. As-
signment of critical signals in the 13C NMR spectra was car-
ried out on the basis of distortionless enhancement by polariza-
tion transfer. GC–MS was performed by electron impact at 30
eV on a Fisons gas chromatograph (8000 series) coupled to a
Fisons MD-800 mass detector. All IR spectra were run on a
Michelson Bomem MB-120 spectrometer. Elemental analyses
were obtained from the Microanalysis Service of IIQAB–CSIC;
these were conventional combustion analyses without discrim-
ination between the hydrogen and deuterium contents. Deu-
terium gas (deuterium content 99.8%) was obtained from
Aldrich Chemical Co. (Milwaukee, WI). The contents of the
labeled substrates were determined by GC–MS analysis and
were found to be higher than 99%. For this purpose, acids 13
and 14 were derivatized to the respective methyl esters.
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12-Bromo-1-dodecanol (1). To a solution of 1,12-dodecan-
diol (4.04 g, 20 mmol) in 50 mL of toluene cooled to 0°C was
added 28 mL of HBr (48%, 240 mmol), and the mixture was re-
fluxed in the dark for 5 h (TLC monitoring). The reaction was
allowed to cool to room temperature, and 50 mL of brine was
then added. The mixture was extracted with hexane, dried, fil-
tered, and concentrated at reduced pressure. The residue was
purified by flash chromatography on silica gel using hexane/
MTBE (tert-butyl methyl ether) 5:1 to afford 4.88 g (92%
yield) of the expected product. IR: 3330 (OH), 2935, 2860,
1465, 1440, 1245, 1055 cm−1; 1H NMR: δ 3.63 (t, J = 6.5 Hz,
2H, CH2OH), 3.41 (t, J = 7 Hz, 2H, CH2Br), 1.85 (quint, J = 7
Hz, 2H, CH2CH2Br), 1.65 (s, 1H, OH), 1.56 (m, 2H, CH2–
CH2OH), 1.50–1.24 (16H, CH2); 13C NMR: δ 62.9 (CH2OH),
34.0 (CH2CH2Br), 32.8 (CH2Br), 32.7 (CH2CH2OH), 29.5
(CH2), 29.4 (CH2), 29.4 (CH2), 29.4 (CH2), 28.7 (CH2), 28.1
(CH2), 25.7 (CH2).

1-Bromo-13,15-dioxahexadecane (2). This compound was
prepared following the procedure reported by Gras et al. (7).
To a stirred solution of bromoalcohol 1 (3.98 g, 15 mmol) in
60 mL of dimethoxymethane (DMM) were added LiBr (435
mg, 5 mmol) and p-toluenesulfonic acid (p-TSOH; 190 mg, 1
mmol) at room temperature, and stirring was continued
overnight. Brine was added (50 mL), and the crude residue was
extracted with hexane, dried, and concentrated at reduced pres-
sure. The resulting oil was purified by flash chromatography
on silica gel using hexane/MTBE 85:15 to afford 4.37 g of the
expected product 2 (94% yield). IR: 2925, 2855, 1465, 1440,
1215, 1150, 1110, 1045, 920 cm−1; 1H NMR: δ 4.62 (s, 2H,
OCH2O), 3.52 (t, J = 6.5 Hz, 2H, CH2O), 3.41 (t, J = 7 Hz, 2H,
CH2Br), 3.36 (s, 3H, OCH3), 1.85 (quint, J = 7 Hz, 2H,
CH2CH2Br), 1.59 (m, 2H, CH2CH2O), 1.50–1.22 (16H, CH2);
13C NMR: δ 96.3 (OCH2O), 67.8 (CH2O), 55.1 (OCH3), 34.0
(CH2CH2Br), 32.8 (CH2Br), 29.7 (CH2), 29.5 (CH2), 29.5
(CH2), 29.5 (CH2), 29.4 (CH2), 28.7 (CH2), 28.1 (CH2), 26.2;
MS: m/z 309 (M.+, 1), 277 (2), 162 (12), 148 (20), 123 (25),
109 (40), 97 (90), 83 (100), 69 (98).

13,15-dioxahexadecanal (3). This compound was prepared
using the procedure reported by Stowell (8). A mixture of 2
(3.10 g, 10 mmol), pyridine oxide (20 mmol), and sodium bi-
carbonate (20 mmol) in 50 mL of toluene was heated with vig-
orous stirring under a nitrogen atmosphere at 80°C for 24 h.
The reaction mixture was allowed to cool, and 10 mL of water
was then added. The organic layer was separated, and the water
layer was extracted with hexane (2 × 4 mL). The combined or-
ganic fractions were dried, concentrated to dryness, and puri-
fied by flash chromatography on silica gel (0–10% MTBE/
hexane) to give 1.84 g (75% yield) of the pure aldehyde. IR:
2930, 2855, 2715, 1725 (CO), 1465, 1145, 1110, 1045, 920
cm−1; 1H NMR: δ 9.77 (t, J = 2 Hz, 1H, CHO), 4.62 (s, 2H,
OCH2O), 3.52 (t, J = 6.5 Hz, 2H, CH2O), 3.36 (s, 3H, OCH3),
2.42 (dt, J1 = 2 Hz, J2 = 7.5 Hz, 2H, CH2CHO), 1.60 (m, 2H,
CH2CH2O), 1.44–1.20 (16H, CH2); 13C NMR: δ 203.0 (CHO),
96.3 (OCH2O), 67.8 (CH2O), 55.1 (OCH3), 43.9 (CH2CHO),
29.7 (CH2), 29.5 (CH2), 29.5 (CH2), 29.4 (CH2), 29.4 (CH2),
29.3 (CH2), 29.1 (CH2), 26.2 (CH2), 22.0 (CH2); MS: m/z 213

(M.+ − OCH3, 5), 199 (15), 182 (10), 163 (12), 135 (25), 121
(40), 109 (55), 95 (100), 81 (98), 67 (88).

5,5,5-Triphenyl-4-oxa-1-pentyne (4). To a solution of 1.12 g
(20 mmol) of propargyl alcohol in 50 mL of dry pyridine was
added 5.86 g (21 mmol) of trityl chloride (ClCPh3). The reac-
tion mixture was stirred at room temperature for 36 h, and 25
mL of water was then added. The mixture was extracted with
CH2Cl2, and the organic layer was concentrated to dryness and
purified by flash chromatography on silica gel (0–10%
MTBE/hexane) to give 5.66 g of a white solid (95% yield),
m.p. 115–116°C. IR: 3290, 3275, 1490, 1445, 1370, 1065,
1055 cm−1; 1H NMR: δ 7.50–7.43 (6H, Ar H), 7.34–7.18 (9H,
Ar H), 3.75 (d, J = 2.5 Hz, 2H, CH2CCH), 2.38 (t, J = 2.5 Hz,
1H, CCH); 13C NMR: δ 143.3 (Ar C), 128.5 (Ar CH), 127.9
(Ar CH), 127.2 (Ar CH), 87.5 (C), 80.3 (CCH), 73.5 (CCH),
52.9 (CH2); MS: m/z 298 (M.+, 2), 243 (45), 165, (90), 105
(100), 77 (40); Anal. Calcd. for C22H18O: C, 88.56; H, 6.08.
Found: C, 88.52; H, 6.02.

8-Methyl-2-oxa-1,1,1-triphenyl-4-nonyne (5). To a stirred
solution of 2.98 g (10 mmol) of 4, 15 mL of anhydrous THF
and 10 mL of dry HMPA was added 8 mL of a solution of
butyllithium in hexane (1.5 M) at 0°C. The resulting dark red
mixture was stirred for 10 min, and 2.38 g (12 mmol) of 1-iodo-
3-methylbutane dissolved in 4 mL of THF was added dropwise
while holding the temperature at 0°C. The reaction mixture was
worked up within 2 h by pouring it into ice water and extract-
ing with hexane. The organic layer was dried, concentrated to
dryness, and purified by flash chromatography on silica gel
(0–3% MTBE/hexane) to give 3.39 g (92% yield) of product 5.
IR: 3060, 3040, 2955, 2930, 2865, 1490, 1450, 2370, 1055 cm−1;
1H NMR: δ 7.50–7.43 (6H, Ar H), 7.34–7.18 (9H, Ar H), 3.72
(t, J = 2 Hz, 2H, OCH2CC), 2.22 (tt, J1 = 2 Hz, J2 = 7.5 Hz, 2H,
CCCH2), 1.68 (hept, J = 6.5 Hz, 1H, (CH3)2CH), 1.40 (q, J = 7
Hz, 2H, CHCH2), 0.89 (d, J = 6.5 Hz, 6H, CH3); 13C NMR: δ
143.3 (Ar C), 128.6 (Ar CH), 127.8 (Ar CH), 127.0 (Ar CH),
87.3 (C), 86.2 (CCCH2), 76.3 (OCH2CC), 53.5 (OCH2C), 37.5
(CH2), 27.2 (CH), 22.2 (CH3), 16.9 (CCCH2); MS: m/z 368
(M.+, 0.5), 338 (1), 298 (40), 243 (65), 165 (100). Anal. Calcd.
for C27H28O: C, 88.00; H, 7.66. Found: C, 88.12; H, 7.65.

Preparation of Wilkinson’s catalyst. This compound was
prepared using the procedure reported by Osborn et al. (9) with
minor modifications. A mixture of 2.1 g (8 mmol) of tri-
phenylphosphine and 0.25 g (1.2 mmol) of RhCl3 in 60 mL of
ethanol was refluxed under an argon atmosphere. Heating was
continued for 5 d until red crystals precipitated, and then the
solution was allowed to cool to room temperature. The precipi-
tate was filtered out, washed with methanol and ether, and dried
at reduced pressure to afford 1.08 g (1.16 mmol, 98% yield) of
Wilkinson’s catalyst, which was stored at 4°C in the dark under
an argon atmosphere. The product prepared under these condi-
tions was active after 1 yr of storage.

[5,5,6,6-2H4]-2-Methyl-8-oxa-9,9,9-triphenylnonane (6).
To a mixture of 1.84 g (5 mmol) of 5 and 275 mg (0.3 mmol)
of RhCl(PPh3)3 was added 28 mL of degassed benzene under
an argon atmosphere to obtain a reddish solution. The system
was purged by passing a stream of D2 through, and then the D2

398 METHOD

Lipids, Vol. 39, no. 4 (2004)



atmosphere was kept using a common rubber balloon filled
with D2, and the solution was stirred for 36 h. The mixture was
filtered through a bed of Celite©, and the solvent was evapo-
rated. The residue was then purified by flash chromatography
on silica gel (0–3% MTBE/hexane) to give 1.86 g of product 6
(99% yield). IR: 3070, 3050, 3030, 2945, 2915, 2890, 2195,
2105, 1595, 1480, 1555, 1075, 755, 700 cm−1; 1H NMR: δ
7.48–7.38 (6H, Ar H), 7.34–7.16 (9H, Ar H), 3.02 (bs, 2H,
OCH2CD2), 1.49 (hept, J = 6.5 Hz, 1H, (CH3)2CH), 1.30–1.05
(4H, CH2), 0.84 (d, J = 6.5 Hz, 6H, CH3); 13C NMR: δ 144.5
(Ar C), 128.7 (Ar CH), 127.7 (Ar CH), 126.8 (Ar CH), 86.2
(C), 63.5 (OCH2CD2), 38.9 (CH2CH), 29.1 (quint, J = 15 Hz,
CD2), 27.9 (CH), 27.0 (CD2CH2), 25.5 (quint, J = 15 Hz, CD2),
22.6 (CH3); MS: m/z 376 (M.+, 7), 299 (12), 243 (100), 165
(80), 105 (30); Anal. Calcd. for C27H28

2H4O2: C, 86.12; H,
8.57. Found: C, 86.03; H, 8.49.

[2,2,3,3-2H4]-6-Methyl-1-heptanol (7). Product 6 (1.13 g, 3
mmol) was trityl-deprotected to the corresponding alcohol by
treatment with 60 mL of a MeOH/CHCl2COOH solution (6%)
for 48 h at room temperature. The acid solution was neutral-
ized with saturated NaHCO3, extracted with CH2Cl2, dried, and
carefully concentrated. The residue was then purified by flash
chromatography on silica gel (0–10% AcOEt/pentane) to give
362 mg (90% yield) of the corresponding pure alcohol 7. IR:
3340 (OH), 2955, 2915, 2870, 1470, 1045 cm−1; 1H NMR: δ
3.62 (bs, 2H, CH2OH), 1.70 (bs, 1H, OH), 1.53 (hept, J = 6.5
Hz, 1H, CH), 1.30–1.05 (4H, CH2), 0.87 (d, J = 6.5 Hz, 6H,
CH3); 13C NMR: δ 62.9 (CH2), 38.9 (CH2), 31.8 (quint, J = 19
Hz, CD2), 27.9 (CH), 26.9 (CH2), 25.0 (quint, J = 15 Hz, CD2),
22.6 (CH3); MS: m/z 133 (M.+ − 1, 1), 101 (42), 86 (33), 72
(75), 56 (100); Anal. Calcd. for C8H14

2H4O: C, 71.57; H,
13.52. Found: C, 71.61; H, 13.48.

[2,2,3,3-2H4]-1-Bromo-6-methylheptane (8). This reaction
was accomplished with minor modifications according to the
procedure described by Bates et al. (10). A solution of N-bro-
mosuccinimide (NBS) (4.5 mmol, 0.8 g in 4 mL) was slowly
added at room temperature to a stirred DMF solution (4.5 mL)
containing 335 mg (2.5 mmol) of alcohol 7 and 1.05 g (4
mmol) of PPh3. Stirring was continued for 1 h, and 250 µL of
methanol was added to the brown mixture to quench the
reagent excess. After 5 min, ethyl ether was added, and the or-
ganic layer washed with saturated NaCl and carefully evaporated
to dryness. The residue was purified by flash chromatography
on silica gel using pentane as the eluent to afford 350 mg (75%
yield) of product 8. IR: 2935, 2915, 2850 cm−1; 1H NMR: δ 3.39
(bs, 2H, CH2Br), 1.53 (sept, J = 6.5 Hz, 1H, CH), 1.34–1.10
(4H, CH2), 0.86 (d, J = 6.5 Hz, 6H, CH3); 13C NMR: δ 38.7
(CH2), 33.8 (CH2), 31.9 (quint, J = 19.5 Hz, CD2), 27.9 (CH),
27.4 (quint, J = 15 Hz, CD2), 26.3 (CH2), 22.6 (CH3); MS: m/z
155 (M.+ − C3H7, 74), 153 (M.+ − C3H7, 76), 139 (20), 109
(10), 101 (25), 73 (100), 57 (80).

(Z)-[5,5,6,6-2H4]-2-Methyl-20,22-dioxa-7-tricosene (9). A
mixture of 188 mg (1 mmol) of bromoderivative 8 and 328 mg
(1.25 mmol) of PPh3 was refluxed in 20 mL of anhydrous
CH3CN under argon atmosphere for 24 h. The solvent was
evaporated, and the residue was suspended in pentane (3 × 20
mL), decanted, and dried at reduced pressure.

To the solution of triphenylphosphonium bromide previ-
ously obtained, 5 mL of anhydrous THF and 1 mL of dry
HMPA, a butyllithium solution in hexane (1.8 equivalents, 1.6
M) was added dropwise at –50°C under a nitrogen atmosphere
to afford a dark red suspension. The reaction mixture was
stirred at that temperature for 30 min and then cooled at –78°C.
Protected aldehyde 3 dissolved in 2 mL of anhydrous THF was
added dropwise and stirred for 1 h at –78°C and for 3 h at room
temperature. The reaction mixture was poured into water and
extracted with hexane. The combined organic fractions were
dried, concentrated to dryness, and purified by flash chroma-
tography on silica gel (0–1% MTBE/hexane) to give 208 mg
of a 94:6 mixture of Z/E isomers (60% yield from 8). IR: 2925,
2855, 1465, 1440, 1150, 1110, 1045, 920 cm−1; 1H NMR: δ
5.35 (m, 1H, CH), 5.34 (t, J = 4.5 Hz, 1H, CH), 4.62 (s, 2H,
OCH2O), 3.52 (t, J = 6.5 Hz, 2H, CH2O), 3.36 (s, 3H, OCH3),
2.01 (m, 2H, CH2CH), 1.56 (m, 2H, CH2CH2O), 1.52 (sept, J
= 6.5 Hz, 1H, (CH3)2CH), 1.44–1.21 (18H, CH2), 1.17 (m, 2H,
CH2), 0.86 (d, J = 6.5 Hz, 6H, CH3); 13C NMR: δ 129.9 (CH),
129.8 (CH), 96.4 (OCH2O), 67.9 (CH2O), 55.1 (OCH3), 38.8
(CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4
(CH2), 29.3 (CH2), 28.0 ((CH3)2CH), 27.2 (CH2), 26.8 (CH2),
26.2 (CH2), 22.6 (CH3); MS: m/z 344 (M.+, 0.5), 312 (5), 199
(12), 184 (10), 126 (12), 112 (25), 97 (43), 83 (55), 69 (50), 57
(40), 45 (100); Anal. Calcd. for C22H40

2H4O2: C, 76.68; H,
12.88. Found: C, 76.65; H, 12.80.

(Z)-[5,5,6,6-2H4]-2-Methyl-7-octadecene (15) (6). In this
case, undecanal (208 mg, 1.2 mmol) was allowed to couple
with the triphenylphosphonium salt of 8 (460 mg, 1 mmol). Pu-
rification by flash chromatography on silica gel (hexane) gave
a 94:6 mixture of Z/E isomers. Repurification by flash chroma-
tography on silica gel impregnated with AgNO3 (10%) using
hexane as the eluent afforded 216 mg (80% yield) of pure (Z)-
olefin.

Reduction to [14,14,15,15-2H4]-22-Methyl-2,3-dioxatri-
cosane (10). A mixture of 22 mg (0.064 mmol) of 9 and 4 mg
of Pd/C (10%) in 4 mL of degassed MeOH was purged by pass-
ing a stream of H2 through. The H2 atmosphere was kept using
a common rubber balloon filled with D2, and the reaction mix-
ture was stirred vigorously for 48 h, then filtered through a bed
of Celite and the solvent evaporated. The residue was purified
by flash chromatography on silica gel (0–1% MTBE/hexane)
to give 20 mg of product 10 (90% yield). IR: 2930, 2855, 1465,
1440, 1150, 1110, 1050, 920 cm−1; 1H NMR: δ 4.62 (s, 2H,
OCH2O), 3.52 (t, J = 6.5 Hz, 2H, CH2O), 3.36 (s, 3H, OCH3),
1.58 (m, 2H, CH2CH2O), 1.52 (sept, J = 6.5 Hz, 1H,
((CH3)2CH), 1.42–1.20 (26H), 1.15 (m, 2H, CH2), 0.86 (d, J =
6.5 Hz, 6H, CH3); 13C NMR: δ 96.4 (OCH2O), 67.9 (CH2O),
55.1 (OCH3), 39.0 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2),
28.0 ((CH3)2CH), 27.2 (CH2), 26.2 (CH2), 22.7 (CH3); MS:
m/z 345 (M.+−1, 0.5), 313 (8), 282 (10), 253 (15), 226 (10), 212
(10), 198 (8), 169 (9), 155 (10), 139 (20), 124 (25), 111 (30),
96 (60), 82 (70), 71 (60), 57 (45), 45 (100); Anal. Calcd. for
C22H42

2H4O2: C, 76.23; H, 13.38. Found: C, 76.25; H, 13.22.
Methoxymethane deprotection. General procedure. Prod-

ucts 9 and 10 were deprotected to the corresponding alcohols
by treatment with a MeOH/HCl solution (0.5 M) for 24 h at
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room temperature. The solvent was evaporated, and the crude
residue was treated with 2 mL of water, extracted with CH2Cl2,
dried, and concentrated to a residue, which was then purified
by flash chromatography on silica gel (10–15% AcOEt/hexane).

(Z)-[14,14,15,15-2H4]-18-Methyl-12-nonadecen-1-ol (11).
This product (27 mg, 89%) was isolated from 35 mg of 9. IR:
3355 (OH), 2925, 2855, 1465, 1055 cm−1; 1H NMR: δ 5.37 (m,
1H, CH), 5.35 (t, J = 4.5 Hz, 1H, CH), 3.63 (t, J = 6.5 Hz, 2H,
CH2OH), 2.01 (m, 2H, CH2CH), 1.55 (m, 2H, CH2CH2OH),
1.52 (sept, J = 6.5 Hz, 1H, (CH3)2CH), 1.44–1.21 (20H, CH2),
1.16 (m, 2H, CH2), 0.86 (d, J = 6.5 Hz, 6H, CH3); 13C NMR:
(125.7 MHz) δ 129.9 (CH), 129.7 (CH), 63.0 (CH2OH), 38.8
(CH2), 32.8 (CH2), 29.8 (CH2), 29.6 (CH2), 29.6 (CH2), 29.5
(CH2), 29.4 (CH2), 29.3 (CH2), 29.0 (quint, J = 19 Hz, CD2),
27.9 ((CH3)2CH), 27.2 (CH2), 26.8 (CH2), 26.3 (quint, J = 19
Hz, CD2), 25.7 (CH2), 22.6 (CH3); MS: m/z 300 (M.+, 0.5), 282
(5), 138 (12), 124 (24), 110 (30), 96 (80), 82 (100), 69 (85), 57
(78).

[14,14,15,15-2H4]-18-Methyl-1-nonadecanol (12). This
product (27 mg, 90%) was isolated from 34 mg of 10. IR: 3285
(OH), 2920, 2850, 1470 cm−1; 1H NMR: δ 3.64 (t, J = 6.5 Hz,
2H, CH2OH), 1.58 (m, 2H, CH2CH2OH), 1.51 (sept, J = 6.5

Hz, 1H, (CH3)2CH), 1.42–1.20 (24H), 1.15 (m, 2H), 0.86 (d, J
= 6.5 Hz, 6H, CH3); 13C NMR: δ 63.1 (CH2OH), 39.0 (CH2),
32.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 28.0
((CH3)2CH), 27.2 (CH2), 25.7 (CH2), 22.7 (CH3); MS: m/z 302
(M.+, 2), 284 (10), 256 (30), 226 (20), 141 (25), 126 (24), 111
(35), 98 (45), 83 (95), 69 (85), 57 (100).

Preparation of carboxylic acids. These compounds were pre-
pared using the procedure reported by Corey and Schmidt (11).
Alcohols were treated with a 0.2 M (6 equiv) solution of pyri-
dinium dichromate (PDC) in DMF at room temperature for 48
h; 2 mL of HCl (1 M) was then added; the solution was extracted
with CH2Cl2, dried, and concentrated to a residue that was puri-
fied by flash chromatography on silica gel using hexane/MTBE
85:15 to give the corresponding acids in 67% yield.

(Z)-[14,14,15,15-2H4]-18-Methyl-12-nonadecenoic acid
(13) (6). This product (11 mg, 67%) was isolated from 19 mg
of 11. MS: m/z (–OMe ester) 328 (M.+, 5), 254 (15), 212 (10),
153 (10), 141 (15), 123 (24), 110 (38), 87 (100), 74 (98), 57
(95).

[14,14,15,15-2H4]-18-Methyl-nonadecanoic acid (14) (6).
This compound was isolated as a white solid (11 mg, 67%) and
obtained from 19 mg of 12. MS: m/z (–OMe ester) 330 (M.+,
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26), 287 (22), 231 (10), 199 (15), 185 (10), 143 (58), 129 (22),
111 (10), 87 (98), 74 (100), 57 (35).

RESULTS AND DISCUSSION

The synthesis of the required tracers was carried out as depicted
in Scheme 2. In this synthesis, the key synthon for these three
compounds was tetradeuderated bromide 8. Thus, coupling of
trityl-protected alcohol 4 with 1-iodo-3-methylbutane afforded
alkyne 5, which could be reduced to the deuterated product 6
with D2 using Wilkinson’s catalyst. Use of this catalyst and
alkynol protection avoided the occurrence of scrambling and
ensured the correct positioning of the mass labels (12). Once
the alkyne functionality was deuterated, deprotection of the
trityl group with dichloroacetic acid using methanol as solvent
gave rise to the corresponding alcohol 7. To produce the bromi-
nated intermediate 8 from alcohol 7, it was neccesary to per-
form the reaction with NBS in the presence of PPh3 in DMF as
solvent, since the reaction with HBr in toluene led to benzyl-
bromide as the only product. The Wittig reaction of the tri-
phenylphosphorane generated from the phosphonium salt of 8
with the proper aldehyde furnished the cis-olefin 9 (Z/E: 94:6)
as the main product. Acid treatment of 9 released the
methoxymethane protecting group to afford the corresponding
olefinic alcohol 11, which was transformed into the unsaturated
acid 13 by Corey oxidation with PDC (11). On the other hand,
hydrogenation of 9 using Pd/C as catalyst gave the tetradeuter-
ated protected alcohol 10, which was hydrolyzed and further
oxidized to obtain the labeled saturated acid 14. Finally, the re-
action of undecanal with the phosphorane formed by treatment
of the triphenylphosphonium salt of 8 with n-BuLi afforded the
deuterated olefin 15.

In all the deuterated intermediates, the presence of the ex-
pected labels was assessed by GC–MS, whereas the isotope po-
sitions were unambiguously confirmed by both chemical shift
and multiplicity of the deuterium-substituted carbon atoms. As
exemplified for the final tracers 13 and 15 in Scheme 3, the 13C
NMR (125 MHz) chemical shifts of the deuterated carbon
atoms in the allylic and homoallylic positions gave very low
intensive quintuplets (J = 19 Hz) at 26.3 and 29.0 ppm, respec-
tively. In the case of the saturated product 14, it was very diffi-
cult to distinguish these signals from the rest of the chemical
shifts of the CH2 groups (29 ppm).
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ABSTRACT: The work presented here is aimed at determining
the potential and limitations of Raman spectroscopy for fat analy-
sis by carrying out a systematic investigation of C4–C24 FAME.
These provide a simple, well-characterized set of compounds in
which the effect of making incremental changes can be studied
over a wide range of chain lengths and degrees of unsaturation.
The effect of temperature on the spectra was investigated over
much larger ranges than would normally be encountered in real
analytical measurements. It was found that for liquid FAME the
best internal standard band was the carbonyl stretching vibration
ν(C=O), whose position is affected by changes in sample chain
length and physical state; in the samples studied here, it was found
to lie between 1729 and 1748 cm−1. Further, molar unsaturation
could be correlated with the ratio of the ν(C=O) to either ν(C=C)
or δ(H–C=) with R2 > 0.995. Chain length was correlated with
the δ(CH2)tw/ν(C=O) ratio, (where “tw” indicates twisting) but
separate plots for odd- and even-numbered carbon chains were
necessary to obtain R2 > 0.99 for liquid samples. Combining the
odd- and even-numbered carbon chain data in a single plot re-
duced the correlation to R2 = 0.94–0.96, depending on the band
ratios used. For molal unsaturation the band ratio that correlated
linearly with unsaturation (R2 > 0.99) was ν(C=C)/δ(CH2)sc (where
“sc” indicates scissoring). Other band ratios show much more
complex behavior with changes in chemical and physical struc-
ture. This complex behavior results from the fact that the bands
do not arise from simple vibrations of small, discrete regions of
the molecules but are due to complex motions of large sections
of the FAME so that making incremental changes in structure does
not necessarily lead to simple incremental changes in spectra.

Paper no. L9437 in Lipids 39, 407–419 (May 2004).

The potential of Raman spectroscopy for the analysis of fats
and oils has been recognized for some decades (1,2). The main
advantages of the technique are that no sample preparation is
required (allowing in situ or on-line studies) and that it can be
applied to samples in any physical state including gases, liq-
uids, gels, amorphous solids, and crystals. However, until re-
cently, adoption of Raman methods for routine analysis of fats
and oils has been hindered by the high cost and complexity of
the instrumentation required. This situation is now changing
rapidly; a number of technological advances, such as holo-
graphic notch filters for rejection of elastically scattered light,
the availability of long-wavelength (750–1064 nm) excitation

lasers (which reduce background fluorescence problems), high-
throughput, single-stage monochromators, and highly sensitive
charge-coupled detectors (CCD, which have a high quantum
efficiency allowing detection of ultra-low levels of light) are
making the technique more accessible than ever before, and the
introduction of simple-to-use commercial instruments means
that it is now straightforward for nonspecialists to record good-
quality Raman data. 

Because technical problems no longer dominate the field,
there are clear opportunities for routine analysis by Raman
spectroscopy. Indeed, it has already been successfully used to
determine important composition/physical structure parame-
ters in a wide range of sample types. These include the follow-
ing: cis/trans isomer ratio (3), molar unsaturation (C=C per
molecule) (4), mass unsaturation (C=C per unit mass, which is
also known as degree of unsaturation, a molal unit) (5), conju-
gated double-bond content (6), and chain length (7). Given that
there is a relatively large body of published data on various as-
pects of fat/oil characterization by Raman spectroscopy, it is
surprising that have few studies have attempted to bring to-
gether these disparate strands of research systematically and
comprehensively. 

The work presented here is an attempt to determine the lim-
its and potential of Raman spectroscopy for fat analysis by car-
rying out a systematic investigation of well-defined series of
FAME as model lipid compounds under different experimental
conditions. It is hoped that this investigation will identify the
significant variables for the analysis of FA-based lipid systems,
highlight the factors that need to be controlled in the experi-
ments, and give guidance on the degree of accuracy that can be
expected. Such data are vital in underpinning future analytical
methodologies for “real-life” fats and oils. 

Of particular interest is the extent to which the Raman sig-
nal from a particular lipid can be approximated as simply the
sum of signals arising from distinct units within the molecule.
The tacit assumption underlying much of the analytical method-
ology already developed or proposed is that this aufbau ap-
proach is generally valid. However, the consensus in the vibra-
tional spectroscopy of a wide range of disparate systems is that
treating molecules simply as a collection of small independent
constituent units can lead to problems when dealing with vi-
brational motions, which are typically complex motions of
large numbers of atoms within the molecular framework. 

The data reported here are developed entirely from FAME
because these provide a simple, well-characterized set of
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compounds in which the effect of making incremental changes
can be studied over a wide range of chain lengths and degrees
of unsaturation. 

EXPERIMENTAL PROCEDURES

The nomenclature of the model lipids used here is the compre-
hensive system described by Stauffer (8). The general format
is C:Uc/t ∆x where C is the number of carbons on the FA chain
(i.e., all carbons except the one added in forming the methyl
ester), U is the number of olefinic double bonds, and c or t is
used to distinguish cis from trans isomers. ∆x is the position of
the olefinic bond within the FA chain, in terms of number of
carbons counted from the ester end of the chain. All the mo-
nounsaturated FA had the olefinic bond placed centrally in the
chain.

The samples investigated were: all the members of the se-
ries of saturated FAME from 4:0 (butyric) to 24:0 (lignoceric)
methyl esters; a series of monounsaturated methyl esters from
14:1c ∆7 (myristoleic) to 22:1c ∆11 (erucic) in steps of 2 CH2;
and a series of 18-carbon methyl esters with increasing unsatu-
ration from 18:0 (stearic) to 18:3c ∆6,9,12 (linolenic). These
samples were GC grade (>99% purity; Sigma-Aldrich Inc.,
Milwaukee, WI), and their purity was checked by using GC
prior to Raman analyses and by using TLC afterward. 

All the Raman data were collected using a home-built
Raman spectrometer using 785-nm excitation (100 mW at sam-
ple) from a Spectra Physics (St. Albans, United Kingdom)
model 2020 Ar+ laser pumping a Spectra Physics 3900 Ti/Sap-
phire laser. The Raman scattering was collected using a 180°
backscattering geometry (50 mm f2 lens) and passed through a
Jobin Yvon HR640 spectrometer to a Princeton Instruments LN
liquid-nitrogen-cooled CCD. The Raman signal was recorded
from 270 to 1900 cm−1, the region containing the C–C, C=C,
C–O, and C=O stretches and bends as well as the C–H bends
at a resolution of 10 cm−1. The Raman shift was calibrated
using the American Society for Testing and Materials fre-
quency standards for 50:50 (vol/vol) acetonitrile/toluene
(ASTM E 1840). Apart from the contribution from the Raman
scattering, the raw data also contain a broad background from
several unrelated optical processes, which must be removed
(9); so the experimental data were automatically processed by
macros written in the SpectraCalcTM (Galactic Industries,
Salem, NH) spectral manipulation package, which removed
cosmic ray signals and carried out a 16-point baseline correc-
tion. Peak deconvolution and relative peak height analysis were
carried out in Microsoft Excel (10). Partial least squares (PLS)
regression was performed in The UnscramblerTM V7.5 (Camo,
Trondheim, Norway) with the spectra initially normalized
about the carbonyl band and then mean-centered, and valida-
tion was by full cross-validation. The “jack-knife” tool was
used to select the wavenumber positions that were most nearly
correlated with the parameter of interest with the uncorrelated
positions excluded from the subsequent analysis.

For all work on the model lipids, the samples were placed
in holes (0.8 mm diameter, ~5 mm depth giving a sample mass

of ca. 10 mg) in an aluminum block. All three series of FAME
were run in the liquid state, and in addition, a solid-state series
was recorded for the saturated FAME. In the liquid-state stud-
ies, any samples that were liquid at ambient temperature were
simply recorded at room temperature, whereas for those that
were solid at room temperature (saturated FAME > 12 carbons),
the samples were heated to about 10°C above their m.p. (see
Table 1 for temperatures; only heated FAME are listed, others
were at ambient temperature). For the solid state, the block was
cooled to 77 K using liquid nitrogen.

Several samples were recorded over a range of temperatures
to investigate the sensitivity of their Raman bands to tempera-
ture. For these experiments, all the solid lipids were loaded into
the sample container first, heated to 80°C, and then cooled to
room temperature, at which point the liquid lipids were added
and the block was then cooled by a flow of liquid nitrogen to
−180°C and held at that temperature for 15 min. Spectra were
then recorded as the samples were heated from –180 to 80°C.
Because the sample warmed at a rate of ca. 5°C/min, the spec-
tra were recorded from a dynamic system, not a series of equi-
librated states, and so a short accumulation time was used (~20
s, temperature ±1°C/spectrum) to collect data every 10°C.
Spectra were recorded during the heating stage of the cycle to
avoid potential problems with supercooling and metastable
phases.

In investigating the effect of the polarity of the local solvent
environment on the spectra, 10:0 (capric acid methyl ester) was
mixed with 1,2-dichloroethane, dichloromethane, trichloro-
methane, tetrachloromethane, THF, acetone, toluene, acetoni-
trile, and methanol (50:50 vol/vol in each case). This gave a
range of polarities from ε = 2.2 (tetrachloromethane) to 37.5
(acetonitrile).

RESULTS AND DISCUSSION

The Raman spectra of the liquid and crystalline forms of the
methyl esters of stearic acid, 18:0 (one of the most common FA
present in food), and oleic acid, 18:1c ∆9, are shown for refer-
ence in Figure 1. The assignments of the major bands in the
spectra are well-established in the literature and are given in
Table 2; more complete, rigorous assignments of the solid-state
spectra obtained from density functional calculations are also
now available (11,12). Although the number of studies using
Raman spectroscopy to predict FA-based lipid properties has
grown considerably since the early 1990s, there have been few
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TABLE 1
Temperatures at Which Raman Spectra Were Recorded for the FAME
That Were Solid at, or near, Ambient Temperature (21°C)

FAME Temperature (°C) FAME Temperature (°C)

14:0 30 19:0 50
15:0 30 20:0 55
16:0 40 21:0 55
16:1t ∆8 40 22:0 60
17:0 40 23:0 60
18:0 50 24:0 65
18:1 ∆9 55

 



studies on the fundamental aspects of the relationship between
the Raman spectroscopy and FA lipids since Spiro and Tu pub-
lished chapters reviewing the subject (1,2). At first sight, it
might appear that quantitative analysis of lipids would be
straightforward since their spectra are rich in well-resolved
bands, some of which are characteristic of particular functional

groups, such as the ester carbonyl or olefinic C=C bonds. How-
ever, these bands are subject to a range of external and internal
perturbations that can change both their intensities and posi-
tions. For example, there are very marked changes in the
Raman spectra of FAME on melting/crystallization where
many of the peaks narrow and change wavenumber position.
These changes are most marked in the regions 1000–1100 and
1400–1500 cm−1, which are dominated by C–C stretching and
CH2 scissor vibrations, respectively, but, as Figure 1 shows, the
changes in band position are not confined solely to this region.
In most off-line quality control applications, it should be possi-
ble to choose the most appropriate temperature to carry out the
analysis so the data can be recorded either at high temperatures,
where all fats are liquid, or at low temperatures, where com-
plete solidification occurs. However, since in a mixed fat at a
given temperature there will always be some components
closer to their normal melting temperatures than others in the
sample, the effect on Raman features at temperatures away
from the phase boundaries needs to be considered if a general
methodology is to be established. Moreover, although the tem-
perature of the sample is normally the dominant factor in de-
termining the nature and extent of inter- and intramolecular in-
teractions of the lipids, these interactions are also affected by
the composition of the sample, the matrix/environment in
which it is placed, and, in enantiomeric systems such as TG,
the positional isomerization of the individual molecules (13). 

Choice of the internal molar standard. The absolute Raman
signal intensity from a given sample depends not only on the
composition of the sample but also on a number of trivial, hard-
to-control experimental factors. These include laser power,
sample transparency/light absorbance, and optical alignment
(including the exact position of the sample with respect to the
focus position of the spectrometer’s collection optics). For all
of these reasons it is extremely difficult to obtain Raman sig-
nals with low variation (±2%) in absolute signal levels, even
over the course of 1 d, so quantitative analysis of Raman data
generally depends on measurements of relative peak heights or
areas rather than on absolute signals. When it is possible to add
a known amount of an internal standard material to the sample,
the spectra can be normalized to the band(s) of the added
standard. However, in systems where addition of a foreign ma-
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FIG. 1. Typical Raman spectra of unsaturated (oleic acid, 18:1c ∆9) and
saturated (stearic, 18:0) FAME as solids (sol.) or liquids (liq.). The peak
numbers refer to assignments shown in Table 2.

TABLE 2
Assignments of Raman Modes in FAME, Taken from References as Indicated

Band position
Band (cm−1) Assignment

1 1730–1750 ν(C=O) Carbonyl stretch (5)
2 1640–1680 ν(C=C) Olefinic stretch (5)
3 1400–1500 δ(CH2)sc Methylene scissor deformations (5)
4 1295–1305 δ(CH2)tw Methylene twisting deformations (5)
5 1250–1280 δ(=CH)ip In-plane olefinic hydrogen bend (5)
6 1100–1135 ν(C–C)ip In-phase aliphatic C–C stretch all-trans (36)
7 1080–1110 ν(C–C)g Liquid: aliphatic C–C stretch in gauche (39) and

ν(C–C) Solid: aliphatic C–C stretch all-trans (38)
8 1060–1065 ν(C–C)op Out-of-phase aliphatic C–C stretch all-trans (37)
9 800–920 ν(C1–C2), CH3,rk, ν(C–O) Solid: mixture of stretches and rocks at acyl and

methyl terminals. Complex broad plateau in liquid state (28)



terial to act as an internal standard is undesirable (such as in
process control), the effects of spectrometer alignment, sample
position, and the like must be compensated by measuring the
intensities (or areas) of the bands of interest relative to other
Raman bands of the sample. For lipids based on FA esters, the
most obvious choice for an internal standard would be the ester
end group, since there will normally be one and only one car-
bonyl moiety per chain. Moreover, the carbonyl gives a dis-
tinct, isolated stretching peak around 1745 cm−1, which is in a
spectral region clear of other potentially interfering bands. A
second candidate for the internal standard would be the peak
associated with the C1–C2 stretching vibration (i.e., the car-
bonyl carbon and the first carbon in the chain), which lies in
the 880–920 cm−1 range. Because establishing a reliable inter-
nal standard is a critical first step in carrying out quantitative
analysis, we have examined the behavior of both these peaks
under a wide range of experimental conditions to determine the
degree of trust that can be placed in them.

The carbonyl band has been utilized extensively as a refer-
ence peak in studies of molar unsaturation (4,5,14–16) and
chain length (16). Ideally, if it is to be used as an internal stan-
dard it should be barely affected by chemical and physical fac-
tors. Unfortunately, this is not the case because the position is
affected by changes in sample chain length and physical state;
in the samples studied here, under a variety of physical condi-
tions, it was found to lie between 1729 and 1748 cm−1. 

Figure 2 illustrates the effect of chain length on the position
of the carbonyl stretching band and shows there is a systematic
shift to higher wavenumber with increasing chain length. These
changes could be due either to differences in the vibrational
mode itself, which are brought about directly by changing the
structure, or to changes in polarity of the environment in which
the carbonyl sits (longer-chain FAME are less polar). That we
cannot reproduce the shift by dissolving FAME samples in sol-
vents with different polarities (ranging from tetrachloromethane
to acetonitrile) must mean that solvent polarity is not an impor-
tant factor, and therefore the source of the changes must be in
the vibrations themselves, i.e., the vibration of the carbonyl
moiety is not completely divorced from the structure of the
FAME to which it is attached. This observation challenges the
assumption that Raman bands in FAME can be regarded as
arising from effectively independent characteristic groups; this
is particularly striking because, of all the bands in the spectra,
the carbonyl would be expected to be the one least likely to
couple with other modes. Although we have no good model for
the source of the shift, its effect is that for this extended series
of FAME, the peak height at a fixed wavenumber cannot be
used as an internal standard. This will also be true for edible
lipids if the samples have significant differences in average
chain length. What constitutes a significant difference will vary
with the mean of the range—longer chain lengths show smaller
changes per CH2 than shorter chain lengths. Typically, FA in
most foods (palm oil, coconut butter) have 16–22 carbons, and
fortunately at these relatively long (>12) chain lengths, changes
in carbonyl band position with chain length are minimal, so the
carbonyl band remains at essentially the same position between

samples. It is only with other specialty oils that the chain
lengths are much shorter, e.g., 12 or 14, and the shifts in
ν(C=O) with chain length will become more problematic.

Similarly, although the position and width of the carbonyl
band are not significantly affected by temperature within a
given state, they are changed on phase transitions (including
solid–solid transitions) or by very large temperature changes
[150°C gives a 1-pixel shift (1.5 cm−1) for 18:0 in the solid
state]. Again, this can be minimized by studying all samples in
the same state and, as experimental data will typically be
recorded at similar temperatures, the effects due to large tem-
perature excursions will normally not arise. 

In the solid state, it is known that altering the conformations
about the C1–C2 bond gives significant changes in the carbonyl
position. Two predominant torsion angles are typically ob-
served: In the noneclipsed conformation [T1 = 180° (11), pre-
viously described as trans (17)], the band lies in the 1730–1750
cm−1 range, whereas in the eclipsed conformation (T1 = ±60°,
previously described as cis), it lies at <1730 cm−1. The T1 =
180° conformation is the most common and is observed where
the FA chains are free to rotate. However, in solid TG, rotation
is restricted so that in β′ crystals, for example, one FA chain
adopts the eclipsed conformation in order to pack efficiently
and this gives rise to a second peak ca. 10 cm−1 below the usual
position (18). In these cases, the heights of both bands will need
to be combined for use as a molar standard. This is not a major
problem because either melting the samples or simply combin-
ing the area of both peaks can easily nullify the effect of crystal
packing on the carbonyl band. 

The final possibly complicating factor in adoption of the
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FIG. 2. Effect of chain length (4 to 24 carbons) on the position of the
carbonyl stretching mode for liquid-state saturated FAME. Wavenumber
calibration error was ±0.8 cm−1.



carbonyl band as a standard is that any FFA or their salts that
are present will give a carbonyl stretching vibration that is
shifted from the ester position, typically appearing in the same
region as olefinic stretching at ca. 1660 cm−1 [1640–1670 cm−1

(19) in free acids or 1590–1600 cm−1 in salts (20)]. In addition
to this transfer of carbonyl intensity on forming the acid or salt,
any FFA in the sample can also hydrogen-bond to the ester car-
bonyls, which causes them to shift to a lower wavenumber and
broaden (21). However, the level of FFA in most edible fats and
oils is low, and a separate calibration could, in any case, be es-
tablished specifically for samples with a high FFA content. A
recent study has been able to predict the FFA content using the
Raman spectrum of FA-based lipids (22).

All the data just discussed suggest that the carbonyl band is
appropriate as an internal standard, provided that suitable care is
taken in establishing appropriate experimental conditions and
that factors such as FFA content are considered. The only factor
not considered up this point is the effect of adding unsaturation,
which makes a much larger difference in position of the carbonyl
band (up to 13 cm−1) than either changing chain length or alter-
ing the sample temperature, although the width is not affected
significantly by the addition of C=C bonds in the chain. In gen-
eral, the effect of unsaturation is larger in the solid state than in
liquids so that changes of one cis olefinic bond/chain will not
have a great effect with the liquid state (<1 cm−1 ) but will give
larger changes in the solid state (≤13 cm−1). This means that for
liquid samples with only moderate differences in unsaturation
levels, measuring the intensity of the carbonyl band at a single
position for all samples is appropriate (assuming chain length
and the like also remains suitably consistent), but for samples
spanning a larger range of unsaturation, it will be necessary to
allow for shifts in the band between samples. 

In the FAME model systems studied here, quantitative peak
fitting with unrestricted central wavenumber was necessary be-
cause the samples spanned large chain-length, temperature, and
unsaturation ranges. For measurements on sample sets with
much more similar composition, e.g., for process control or qual-
ity assurance/quality control on edible fats and oils, the degree
of variation is much smaller, which is presumably why previous
work using simple measurements of the carbonyl band as an in-
ternal standard were successful, despite the fact that the band
does change with sample composition and temperature. 

If the carbonyl band is to be used as the internal standard, it
would generally be better to work with fully melted samples be-
cause of the complications that arise with solid samples. How-
ever, since it may sometimes be necessary to investigate solid
samples, we have also investigated the possibility of using the
C–C stretching band that lies in the region 850–920 cm−1 as an
alternative standard for use with solid samples. This band is not
useful for liquids because the region becomes swamped by a
broad mass of bands that are chain-length dependent and that
possibly arise from C–C stretching modes for the gauche con-
formations, but since the carbonyl band works well in liquids,
this is not a problem. There has been some dispute in the litera-
ture concerning the origin of the C–C stretching band at ca. 900
cm−1 in the solid state. It has been assigned either as a stretching

mode of the C1–C2 bond [i.e., the bond between the carbonyl car-
bon and the terminal C of the chain (23)] or to the Cω−1–Cω bond
[i.e., the bond between the terminal methyl C atom and the next
C in the chain (24–26)]. Either of these modes would be expected
to be independent of chain length, and even in the absence of de-
tailed calculations, the more convincing argument was for the
band to be attributed to a combination of both modes (27,28).
Recently, density functional calculations have shown that there
are both terminal methyl and C1–C2 bands in this region and that
their relative intensities vary quite considerably with chain length
in a complex manner (12). For convenience, this band is referred
to it as ν(C1–C2) in this work.

The effect of temperature on the intensity and position of
the bands in the 820–920 cm−1 region is small, as is the case
for the carbonyl band. However, over extended temperature
ranges it is possible to detect changes in, for example, the rela-
tive intensity of this ν(C1–C2) band to one of the main scissor-
ing vibrations of the chain [δ(CH2)scsym, see Fig. 3], whereas
in the plot using the carbonyl band as the internal standard, any
change with respect to δ(CH2)scsym is of the same order as ex-
perimental uncertainty. Of course, because these are ratios, the
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FIG. 3. Effect of temperature on the ratio of the 1450 cm−1 CH2 scissor-
ing band in 18:0 to two different potential internal standard bands. (A)
The carbonyl stretching mode at ca. 1740 cm−1. (B) The acyl stretching
mode at ca. 890 cm−1. 



change could be due either to differences in the “standard” or
the other band that is being measured. In many cases, we have
found that only one of the two peak ratios obtained from using
either one of the two “standard” bands is unchanged with tem-
perature whereas the other does show a detectable effect (al-
though only over extended temperature ranges). Presumably,
this arises because the effects of temperature on both standards
are different, so that if the band that is measured against them
also changes, the effects will cancel for only one of them. 

In general, the low sensitivity to temperature makes the
ν(C1–C2) band at ca. 900 cm−1 potentially useful as a standard
in solids. Unfortunately, its position changes erratically with
chain length, varying from 884 to 914 cm−1, which makes it
less attractive than the simple carbonyl band as an internal stan-
dard (although, as just discussed, even the carbonyl band is not
without problems). This, combined with the fact that it is com-
pletely unsuitable for liquid samples, means that the overall
balance lies in favor of the carbonyl band as the internal stan-
dard, and in the remainder of this paper the carbonyl is used
exclusively as the internal molar standard.

Measurement of molar unsaturation. Several studies have
used bands associated with the olefinic bonds to determine un-
saturation within the samples; indeed, determining unsatura-
tion is one of the most common objectives of Raman studies
on fats and oils (4,5,7,29–31). The most obvious Raman bands
to use for detection of olefinic bonds are the C=C stretch at ca.
1650–1670 cm−1 and the δ(H–C=) bend at ca. 1260 cm−1. The
positions of these bands are sensitive to both cis/trans isomeri-
zation and the conformations of the bonds on either side of the
olefinic group.

Typically, using either one of these two peaks in a univari-
ate correlation to determine unsaturation parameters gives rea-
sonably high correlations (>0.95) (4,32). The olefinic stretch
occurs at 1640–1665 cm−1 for cis and 1670–1680 cm−1 for
trans isomers of isolated olefinic bonds, shifting to <1630 cm−1

for conjugated olefinic bonds. The difference in wavenumber
of the C=C stretch in cis and trans olefins allows measurement
of cis/trans ratios (3).

The position of the olefinic stretch is also affected by the
conformation of the adjacent bonds (33) and can be shifted
quite considerably when conformations are highly strained,
e.g., in crystalline 20:3c ∆7,10,13, bands appear at 1600 and
1634 cm−1 as well as the more usual 1660 cm−1. Generally, the
cis isomer will adopt one of two main conformers about the
olefinic bonds, which occur at ~1660 (most common form) and
~1640 cm−1 (in some lattice types). Slight deformations of
these conformations can shift the position by a few wavenum-
bers. For trans isomers, the two main conformers are spectro-
scopically similar. 

The position of the olefinic hydrogen in-plane bend, like the
stretching vibration, is sensitive to conformation. In the cis iso-
mer, the shifts in position of the bend with changes in confor-
mation are ca. half the magnitude of those of the stretching vi-
bration. However, the intensities are more problematic, since
the intensity of bending vibration is very sensitive to confor-
mation, not even appearing in some crystal types (conforma-

tions). In contrast, the intensity of the stretching mode is rela-
tively insensitive to conformation. The bending mode in trans
isomers is weak, although it has been assigned to 1320 cm−1

(31) by one author. 
To test the extent to which the ratio of the ν(C=O) to either

ν(C=C) or δ(H–C=) could be used as a direct measure of molar
unsaturation, we measured these ratios in the spectra of a series
18-carbon FAME from 18:0 to 18:3c ∆6,9,12 (Fig. 4). This set
spans a very large iodine value range and was chosen specifi-
cally to allow detection of any small deviation from linearity
over a range much larger than would normally be encountered
in analysis of edible fats and oils. 

We found that, for liquid samples, plotting the intensities of
the 1660 and 1260 cm−1 bands relative to those of the ν(C=O)
(at ca. 1745 cm−1) against molar unsaturation (number of dou-
ble bonds per chain) gave straight lines with correlation coeffi-
cients of 0.995 and 0.996, respectively. This good correlation
shows that the sequential addition of isolated double bonds in
the chain does indeed have the expected effect of giving sim-
ple additive changes in spectral bands, and it is therefore
straightforward to determine molar unsaturation from either of
these Raman band ratios. 

The single trans olefin plotted on the data lies slightly off
the trend lines established for the cis series; in the plots using
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FIG. 4. The Raman spectra of the 18:n series of FAME in the liquid state.
The peaks discussed in the text are indicated by arrows. 



the ν(C=C) band, it lies consistently above the trend line,
whereas in those involving ν(Η−C=) it lies below. This slight
deviation is to be expected since the slopes of the trend lines
depend on the relative Raman scattering cross-sections of the
olefin vibrations vs. those of the reference peaks. Differences
in the Raman scattering cross-sections for cis and trans olefinic
groups would lead to deviations above or below the trend lines,
the sign of the deviation depending on whether the cis or trans
form gives the larger Raman signal. This means that separate
calibrations have to be carried out for cis and trans isomers.

In the solid state, the olefinic hydrogen bend region shows
complex behavior (34), but since the preferred method would
be to measure liquid samples (to reduce complications associ-
ated with the carbonyl internal standard), this is unlikely to con-
stitute a serious problem. 

Chain length determination. The second molecular parame-
ter that would be expected to be readily accessible through
Raman methods is the chain length (7). Surprisingly, to our
knowledge, there are no other examples of the determination
of FA chain length directly from Raman data, although there is
an example in which the chain length was calculated by com-
bining molar and mass unsaturation determinations (16). The
scissoring and twist vibrations of the chain are the two most
promising candidates for chain length determination. 

(i) Scissoring region. The scissoring region is complex, with
between two and six apparently resolved observed bands (Fig.
5). In fact, these bands are themselves not composed of pure
CH2 scissoring modes but contain contributions from vibra-
tions of all the CHx units present in the FAME (11). Because of
this complexity, in this paper we will confine discussion to the
most intense band in the scissoring region (which lies at ca.
1440 cm−1 in both the solid and liquid states), the 1460 cm−1

band in the liquid, and the 1410 cm−1 band in the solid. 
In the liquid state, the scissoring region (1400–1500 cm−1)

shows one dominant band at around 1440 cm−1 with a strong
shoulder at 1460 cm−1. The relative intensity of these bands to
each other does not change with chain length, but their posi-
tions (like that of the C=O stretch) do change. The overall shift
is large, ca. 15 cm−1, but unlike ν(C=O) the majority of the
shift occurs in the short-chain (<10:0) FAME (1470–1460 and
1455–1443 cm−1, respectively, for the two bands). The gradual
nature of the shift for lipids with longer average chain lengths,
around 14–18, means that the change in position of these bands
with even significant changes in chain length would be negligi-
ble and a peak height at fixed wavenumber would adequately
describe the band. However, because we have chosen to study
a very wide range of chain lengths, we have been forced to use
values for peak heights obtained by curve-fitting each spectrum
separately and taking the band heights from the fitted data in
which the band centers were allowed to move with chain
length.

The fitted data were used to calculate the ratios of the
heights of either of these two δ(CH2)sc observed bands (ca.
1440 and 1460 cm−1) against the intensity of the ν(C=O) at ca.
1750 cm−1. Both of these ratios would be expected to be di-
rectly proportional to the number of CH2 groups in the chain,

but plots of δ(CH2)sc/νΤCO) vs. chain length (plot for the 1440
cm−1) band is shown in Fig. 6), although approximately linear,
had least squares regression coefficients of only 0.94 and 0.95
for the full range, which is very poor for a model system ex-
pected to be linear. However, there is evidence for odd/even al-
ternation in the 1440/ν(C=O) plot in the region of the plot cor-
responding to medium (14–20) chain length, with the odd-
numbered chains sitting above the best fit trend line and the
even-numbered chains below it. Separating this plot into odd-
and even-numbered chains improves the regression coefficients
to 0.98. Combining the total intensity of all the bands in the
scissoring region for these liquid samples in the same way as is
discussed for the solids (discussed shortly) does not improve
the correlation, and the odd/even pattern is again observed.

The origin of the odd/even alternation is difficult to estab-
lish with certainty since odd/even changes in either the C=O or
CH2 vibrations could give the effect. It does not appear to have
the same source as the odd/even alternation found in m.p. of
FAME since that is known to be due to crystal packing effects,
whereas the effect observed here is more clearly discernible in
the melted FAME than in the solid forms. There is no evidence
of any odd/even alternation in the carbonyl stretching mode in
terms of width or position, nor in ratios with unsaturated bands
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FIG. 5. The scissoring region of the Raman spectra of (A) solid (s) and
liquid (l) 16:0 and (B) selected solid saturated FAME. All spectra were
normalized to the carbonyl stretching mode at ca. 1740 cm−1.



and some other saturated bands. A more likely candidate for
odd/even alternation is therefore the second band used in the
ratio, which is notionally described as a CH2 mode. 

In practice, the need to split the data for odd- and even-num-
bered chain lengths is unlikely to cause significant errors in
Raman-based chain length calculations for natural fats and oils,
since these are principally composed of TG with medium-
length (14–20), even-numbered chains. However, for some nat-
ural and processed fats and oils, such as lamb and beef fats, it
may be necessary to establish calibrations allowing for signifi-
cant amounts of odd-chain FA. 

In the solid state the situation is more complex, with up to
six main bands present in the CH2 scissoring region of the spec-
trum (Fig. 5). Curve-fitting can deconvolve the bands, but the
individual components that are obtained by the process do not
show the smooth trends observed in the liquid. For example,
the position of the strongest band in the solid state does not
show the continuous shift to lower wavenumber with increas-
ing chain length that is found for the strongest band in the liq-
uid; instead, it oscillates erratically. Conversely, the low-fre-
quency component shifts up to about 13:0 and then remains
constant up to 24:0. The high-frequency components also shift
around unpredictably.

In view of the degree of complexity of the Raman spectra
of the solid FAME in this spectral region, it was not clear
whether any of the scissoring bands could be used as reliable
indicators of chain length. When the ratios of the heights of the
two strongest scissoring vibrations (ratioed against the car-
bonyl stretch) were calculated and plotted against chain length,
the results were similar to the data for the liquid FAME, giving
low R2 values of 0.96 and 0.93 for the two main peaks at 1410

(Fig. 7) and 1440 cm−1, respectively. However, unlike the liq-
uid FAME, there was no evidence for odd/even alternation in
the plots, so that separating the plot into odd- and even-num-
bered chains did not improve the regression coefficients. How-
ever, although the individual peak parameters did not correlate
well with chain length, a similar plot using the sum of the peak
heights for all the scissoring vibrations ratioed to the carbonyl
stretching vibration did give partial cancellation of the errors
associated with the individual peaks and yielded a plot with a
more satisfactory 0.98 correlation coefficient.

(ii) Twisting region. The other potentially useful band is the
CH2 twist peak at 1300 cm−1, which has been determined to
arise almost exclusively from CH2 twisting motions and is af-
fected by the conformation of the polymethylene backbone,
shifting from 1294 to 1306 cm−1 with width increase/height de-
crease upon melting. In the solid state, small bands due to mix-
ing of twisting-rocking modes have been observed at
1255–1275 cm−1 (35). Indeed, density functional calculations
(11) show numerous other minor bands in this region close to,
or underlying, the main CH2 twist band.

There is a striking similarity between the behavior of the
δ(CH2)tw and δ(CH2)sc vibrations. The δ(CH2)tw spectral re-
gion is considerably less complex than that of δ(CH2)sc vibra-
tions, which makes observation of the effects more straightfor-
ward. Again, erratic behavior is observed in the short chains,
presumably arising from differences in crystal packing that are
reflected in both the scissoring and twisting vibrations; of
course, this behavior is not observed in the liquid state. 

To test whether this band could be used for determination of
average chain length, the δ(CH2)tw/νΤC=O) ratios were plot-
ted against chain length. As was the case for the δ(CH2)sc, for
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FIG. 6. Plot of the intensity of the 1440 cm−1 scissor band (normalized
to the carbonyl stretch at ca. 1740 cm−1) against chain length in liquid-
state saturated FAME.

FIG. 7. Plot of the intensity of the 1410 cm−1 scissor band (normalized
to the carbonyl stretch) against chain length in solid saturated FAME.



liquid samples there is a distinct odd/even alternation in the re-
gion of the plots corresponding to medium (11–20)-chain-
lengths, with the odd-numbered chains sitting above the best fit
trend line and the even-numbered chains below. The correla-
tion coefficient for this plot was only 0.95, but separating the
calibration curves into even- and odd-numbered carbon chains
gave coefficients of 0.99 for each of the two sets. Conversely,
the low-temperature data showed that the band position dis-
played an erratic dependence on chain length; hence, we might
not expect to obtain a good correlation between chain length
and band intensity for the solid samples, since packing effects
will change absolute Raman intensities as well as positions. In
the solid state, the calibration plot has a correlation coefficient
of only 0.97, which does not improve on dividing the data into
odd/even sets because there is no detectable odd/even varia-
tion. Summing the whole region (from 1265 to 1320 cm−1)
marginally improves the correlation.

(iii) C–C stretching region. Another possible candidate for
the determination of chain length is the C–C stretching region,
as this region contains a series of bands that arise from single
bonds between carbon atoms. The ν(C–C) region of the spec-
trum is affected by the conformation of the chain, i.e., the in-
tramolecular interactions. This region consists of four main
peaks, the in-plane (ip; 1100–1130 cm−1) (36) and out-of-plane

(op; 1060 cm−1) (37) all-trans C–C stretch, another C–C stretch
(1080–1100 cm−1) with a phase angle between 0 and π (38), and
a broad band for gauche C–C stretch (1090 cm−1) (39). On
solid–liquid phase transition, the region changes dramatically, as
can be seen in Figure 8, with the sharp peaks characteristic of the
solid state becoming a series of overlapping broad bands domi-
nated by a central band at 1080 cm−1. A problem identified in
the literature is the inability to obtain absolute values for each
conformation from the band intensities/positions and the fact that
the changes are not linear (40). This problem led to a consider-
able number of papers devoted to correlating various peak ratios
to the conformation of the acyl chain in the solid state (41–44).

The C–C stretching region is unreliable for chain length pre-
diction in the liquid state because a broad mass of peaks is found
in this region, which makes deconvolution tricky. The broad
gauche band is the easiest to deconvolve and yields a correlation
of just 0.94, with evidence of odd/even alternation as seen in the
CH2 modes. The ν(C–C)ip height declined in a stepwise manner
corresponding to short-, medium-, and long-chain FA, whereas
the area showed a linear decrease (R2 = 0.52). The ν(C–C)op
band showed a nonlinear increase in both height and area. There
is also a broad band on the lower wavenumber side of the region,
which is very tricky to deconvolve and gave a weak correlation
with area (R2 = 0.77). The total area of the C–C region in the liq-
uid state gives a correlation of 0.90. Not surprisingly, the well-
separated peaks of the solid state give better predictions of the
chain length. ν(C–C)ip, ν(C–C), and ν(C–C)op give correlations
of 0.99, 0.96, and 0.97, respectively, with the combined heights
giving a correlation of 0.99.

Thus, the overall picture is that for liquid FAME, no perfect
calibration is possible for both odd- and even-numbered FA to-
gether (the best correlation had an R2 of 0.97). However, better
calibrations are obtained on splitting the calibration in odd- and
even-numbered FA measuring δ(CH2)tw/ν(C=O) to give R2=
0.99. Moreover, this is not a big problem in practice, as most
natural fats and oils contain predominantly even-numbered FA.
The best ratio for the determination of chain length in the solid
state is straightforward, 1060/1750 cm−1 [ν(C–C)ip/ν(C=O)]
which also gives R2 = 0.99.

An alternative to simple univariate analysis is the use of
multivariate analyses, which use multiple data points from the
Raman spectra and in this case dramatically reduce the amount
of preprocessing of the data because it can be carried out with-
out the need first to curve-fit the Raman bands of interest. PLS
regressions against chain length for both the solid and liquid
states (see Fig. 9, one factor) looked very similar to the univari-
ate determinations. The regression validation coefficient for the
full range of samples (even and odd) in the liquid state was
0.976. However, the prediction error is large (±0.33 C/chain)
due to the inherent nonlinearities within the calibration. Ana-
lyzing the samples in the solid state again improved the corre-
lation (R2 = 0.984, two factors), and it reduced the error of pre-
diction to ±0.28 C/chain. There were not enough samples to
carry out calibrations of the unsaturated series of FAME. 

Mass unsaturation. Given the success in predicting both
chain length and number of double bonds per chain, it would
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FIG. 8. The C–C stretching region of 18:0 in the solid and liquid states,
normalized about the carbonyl stretching mode at ca. 1750 cm−1. The
solid line is from the solid state; the dashed spectrum is from the liquid
state. 



appear that extracting mass unsaturation values would be
straightforward, but this is not the case because of two separate
issues, one trivial and one more fundamental. 

The first (trivial) difficulty is that if relative sample band in-
tensities are used, it is necessary to exercise some care in inter-
pretation of the data because altering the composition of the
sample may change the absolute intensity of many of the bands
in the spectrum, including those that appear to be the best can-
didates for the “internal” standards. As illustrated above, the
molar unsaturation (C=C/C=O) can be measured directly from
the ratio of the appropriate C=C and C=O Raman bands, since
any increase in molar unsaturation will be directly reflected in
this ratio. Unfortunately, this ratio cannot give mass unsatura-
tion values (double bonds per gram of sample) because the
mass unsaturation depends on both the number of double bonds
per chain and the number of chains per gram, i.e, there are more
olefinic bonds in a gram of short-chain monoene than in a long-
chain monoene. In studies where the samples have different
mass unsaturation values but where the average chain length
remains approximately constant (for example, in studies com-
paring oils with successively higher degrees of hydrogenation),
the correction would be expected to be small, and spectroscopic
C=C/C=O ratios will be proportional to molal measurements
of unsaturation, such as iodine values (IV). However, in stud-
ies where there is significant variation in chain lengths, as well
as unsaturation, the simple Raman C=C/C=O ratio will not be
directly related to IV. 

The obvious choice of bands to use when determining mass
unsaturation from Raman spectra is ν(C=C)/δ(CH2) since this
includes a component dependent on chain length, and indeed this
ratio previously has been correlated with mass unsaturation (typ-
ically as IV) (5,29–31). However, with this approach the addi-

tion of double bonds will reduce the number of CH2 groups in
the chain, so increasing unsaturation reduces the apparent chain
length as determined from the intensities of CH2 bands. This
means that the ν(C=C)/δ(CH2) ratio will not increase linearly
with the number of double bonds in the samples. To use a simple
example, in looking at two FAME with the same chain length
(and therefore near-identical molecular mass), one of which is a
monoene and one a triene, the IV of the triene will be three times
that of the monoene. However, the ratio of C=C to CH2 groups
in each of the samples (which is the parameter measured in the
Raman data) will not differ by a factor of three because each
C=C bond introduced also removes two CH2 groups. For exam-
ple, in 18:1 ∆9 the C=C/CH2 value is 1:16, whereas that of 18:3
∆6,9,12 is 3:12; this means that the spectroscopically measured
C=C/CH2 values differ by a factor of 4 even though the IV will
differ by a factor of only ca. 3. Figure 10A shows a plot of the
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FIG. 9. Partial least squares regression for the prediction of chain length
in saturated FAME.

FIG. 10. Plots of the intensity ratio ν(C=C)/δ(CH2)tw against two differ-
ent measurements of mass unsaturation for 18:0–18:3c. (A) Against the
number of C=C bonds per gram, which shows a small deviation from
linearity (R2= 0.955). (B) Against the calculated (known) C=C/CH2 ratio,
which gives the expected straight line (R2 = 0.993). 



ratios of the 1660 cm−1/1300 cm−1 Raman bands [ν(C=C)/
δ−(CH2)tw) against mass unsaturation for 18:0–18:3c ∆6,9,12,
which shows the expected small deviation from linearity and
gives an R2 value of 0.955. This curvature is not due to experi-
mental error since plotting the same ν(C=C)/δ(CH2)tw ratio
against the calculated (known) C=C/CH2 ratio gives the ex-
pected straight line (R2 = 0.993, Fig. 10B).

The second region of the Raman spectra that can be used to
determine chain length is the scissoring region (ca. 1440 cm−1).
Unlike the twist region, in the scissoring region there is evi-
dence that olefinic bonds with detectable intensity do appear.
Although these olefinic bands are not resolved under our ex-
perimental conditions, it is possible to deduce their existence
by plotting the measured δ(CH2)sc/ν(C=O) ratio against the
calculated CH2/C=O ratio for a series of monounsaturated
FAME with increasing chain length. This plot has a very small
slope and does not extrapolate to zero relative intensity at zero
CH2 units. The net result of the serendipitous effect is that use
of the δ(CH2)sc band partially self-corrects for the problem of
increasing unsaturation reducing the number of CH2 groups.
For example, plotting the ratios of the ν(C=C)/δ(CH2)sc (1660
cm−1/1440 cm−1) Raman bands against mass unsaturation for
the 18:0–18:3c ∆6,9,12 series gives a line for which R2 = 0.982,
which is much better than the 0.955 value observed when the
twist peak (R2 = 0.955) was used. This improved linearity
arises because the olefinic groups that are introduced actually
have bands in the same region as the main scissor band, so that
the loss of CH2 intensity in this region is at least partly com-
pensated by the appearance of new bands in the same region. 

Table 3 brings together all the correlation coefficients of the
various band ratios measured against compositional parame-
ters such as mass unsaturation and chain length.

The data we have obtained clearly show that although Raman
spectra can be used to determine compositional parameters for
FAME and that good correlations can be obtained, the choice of
which ratios to use depends on the nature of the samples. For ex-
ample, the carbonyl stretching mode is a suitable molar internal
standard for both solid and liquid samples, whereas the terminal
C–C stretching mode at ca. 890 cm−1 is only suitable for use in
the solid state. For molal determinations, such as the degree of
unsaturation, the δ(CH2)sc band was found to be the most suit-
able owing to the combination of both saturated and unsaturated
modes within that band. Thus, molar unsaturation is best deter-
mined by measuring the ν(C=C)/ ν(C=O) ratio, and for molal
unsaturation the ratio ν(C–C)δ(CH2)sc is best. In addition, cali-
brations established for a particular range of samples will not
necessarily transfer to other samples, for example, if there is a
change in the proportion of odd-numbered carbon chain FA or
average chain length. These effects are the direct result of the
fact that the aufbau approach rapidly breaks down in the Raman
spectroscopic analyses of FA, and incremental changes in struc-
ture do not necessarily lead to incremental changes in Raman
bands. However, the FA lipids in many foodstuffs are restricted
to even numbers of carbons per chain and have relatively long
chain lengths (>12 carbons), and for these systems a simple ap-
proach based on the bands just discussed is appropriate.
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TABLE 3
Least Squared Correlation Coefficients for the Peak Ratios Used to Predict Composition Parameters in FAME 

Parameter Band ratio Conditions R2

Molar ν(C=C)/ν(C=O) Liquid >0.99
unsaturation δ(=C–H)/ν(C=O) Liquid >0.99

Chain length δ(CH2)sc 1440/ν(C=O) Liquid: Total (Odd/even separated) 0.94 (0.98)
δ(CH2)sc 1460/ν(C=O) Liquid 0.95
Total δ(CH2)sc/ν(C=O) Liquid: Total (Odd/even) 0.96 (0.97)
δ(CH2)tw/ν(C=O) Liquid: Total (Odd/even) 0.95 (0.99)
δ(CH2)sc 1440/ν(C=O) Solid 0.93
δ(CH2)sc 1410/ν(C=O) Solid 0.96
Total δ(CH2)sc/ν(C=O) Solid 0.98
δ(CH2)tw/ν(C=O) Solid 0.97
ν(C–C)ip/ ν(C=O) Solid 0.98
ν(C–C)/ν(C=O) Solid 0.95
ν(C–C)g/ν(C=O) Liquid 0.94
ν(C–C)op/ν(C=O) Solid 0.99
Full-spectra PLS Liquid 0.98a

Full-spectra PLS Solid 0.98a

δ(CH2)sc 1440/ν(C=O) Liquid–monounsaturated 0.50
δ(CH2)sc 1460/ν(C=O) Liquid–monounsaturated 0.85
δ(CH2)tw/ν(C=O) Liquid–Monounsaturated >0.99

Mass ν(C=C)/δ(CH2)sc 1440 Liquid–18-carbon series >0.99
unsaturation ν(C=C)/δ(CH2)sc 1460 Liquid–18-carbon series >0.99

δ(=C–H)/δ(CH2)tw Liquid–18-carbon series 0.98
aPartial least squares (PLS) validation correlation coefficient. For other abbreviations see Table 2.
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ABSTRACT: The dietary intake of EFA and long-chain PUFA
(LCPUFA) by women with (n = 14) and without (n = 31) gesta-
tional diabetes mellitus (GDM) was determined by repeated 24-h
recalls. Women with GDM consumed significantly more energy
as fat compared with women who had uncomplicated pregnan-
cies; absolute dietary fat did not differ. Dietary n-3 LCPUFA was
substantially lower than the current recommendation for preg-
nancy, whereas intake of saturated FA (SFA) exceeded it. We con-
clude that replacing dietary sources of SFA with those of EFA and
LCPUFA, especially n-3 LCPUFA, would benefit the dietary fat
profiles of all pregnant women.

Paper no. L9438 in Lipids 39, 421–424 (May 2004).

The importance of EFA and their long-chain PUFA (LCPUFA)
products in humans has seen a renewed interest in recent years.
The roles of EFA and LCPUFA as precursors of the prostaglan-
dins in growth and in the development of the retina and brain
are well documented (1–6). Recent reports support the notion
that deficiencies of EFA and PUFA, particularly LCPUFA, play
a role in the development of cardiovascular disease (7–10),
type 2 diabetes mellitus (1,3,9), osteoporosis (3,9), and brain-
related diseases such as Parkinson’s, dementia, and attention-
deficit disorders (3,9). Because LCPUFA must be synthesized
from EFA or ingested as preformed lipids (6,11,12), the role of
diet is very important, particularly for pregnant women. Al-
though there is evidence that the fetus and neonate can elon-
gate and desaturate EFA to form LCPUFA, the capacity to do
this is extremely limited, making the developing fetus depen-
dent on maternal sources for an adequate supply of LCPUFA
(6,11,12). Further, the importance of nutrients during preg-
nancy vis-à-vis adaptations to prenatal nutrition has been high-
lighted by the recent report of Waterland and Jirtle (13).

Previous work from our laboratory (14) demonstrated that
women with gestational diabetes mellitus (GDM) do not pref-
erentially transfer LCPUFA to the developing fetus in the man-
ner that women with uncomplicated pregnancies do, thereby
creating a relative LCPUFA deficiency for their infants. The
mechanism for the compromised transfer in GDM has not been
elucidated, but we propose that increased dietary LCPUFA, es-

pecially docosahexaenoic acid (DHA), for pregnant women,
and particularly for women with GDM, may be beneficial to
the developing fetus. In the earlier study (14), we reported that
pregnant women were consuming 60 mg DHA on average. In
the current study we have assessed dietary intake of EFA and
LCPUFA in pregnant women with and without GDM to deter-
mine whether diets have changed in the last decade with re-
spect to DHA intake.

METHODS

Subjects. Women with GDM (n = 14) and healthy pregnant
women (controls, n = 31) were recruited from Diabetes Life Care
Center, Women’s Ambulatory Health Department, and Child-
birth Education Classes offered by the Department of Obstetrics
and Gynecology at Hartford Hospital (Hartford, CT). The proto-
col was approved by the Hartford Hospital and University of
Connecticut Human Subject Approval Committees. Written in-
formed consent was obtained from all subjects. As described pre-
viously (15), a screening test for GDM was typically adminis-
tered between 24 and 30 wk of gestation. Women with a positive
screening test were given an oral glucose tolerance test (OGTT).
Pregnancies with GDM were defined by the OGTT criteria of
Coustan and Carpenter (16). Women with GDM and healthy
pregnant women with negative screening tests were enrolled in
the study between 26 and 30 wk of gestation.

Study design. The study was longitudinal in design. As in the
study by Wijendran et al. (14), women with GDM were pre-
scribed diets based on individual needs, generally with approxi-
mately 45% of energy/d from carbohydrate (CHO), approxi-
mately 22% from protein, and approximately 35% from fat,
divided among three meals and three snacks per day. Subjects
were scheduled for diet interviews and venous blood draws at the
time of recruitment (26 to <30 wk gestation), at 30 to <34 wk ges-
tation, and at 34 to <38 wk gestation. Twenty-four-hour recalls
were obtained from all subjects to determine the intake of
macronutrients, micronutrients, and FA during the third trimester.

A registered phlebotomist, nurse, or physician collected 7-
and 2-mL blood samples in tubes containing EDTA and a 7-mL
blood sample in a tube with no additives. The 7-mL samples
were centrifuged at 700 × g for 10 min, and serum and plasma
were separated. Serum and the 2-mL sample containing EDTA
were sent to an outside laboratory (Quest Diagnostics, Walling-
ford, CT) for analysis of fructosamine and hemoglobin A1c
(HbA1c) concentrations, respectively. Plasma was stored at
−80°C until subsequent analyses.
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Sample analysis. Maternal plasma phospholipid (PL) FA
were determined using methods that are routine in our labora-
tory (15). The separated PL FA were identified by comparison
with external standards and quantified as relative wt%.

Dietary analysis. The repeated 24-h recalls were coded and
analyzed using the University of Minnesota Nutrition Data
System (NDS 4.04_32).

Statistical analyses. Statistical analyses were primarily con-
ducted using SPSS, version 11.0. Nutrients analyzed included
energy (kcal), CHO (g and as % energy), protein (g and as %
energy), fat (g and as % energy), saturated FA (SFA; g and as
% energy), monounsaturated FA (g and as % energy), 18:2n-6
(g and as % energy), 18:3n-3 (g), 20:4n-6, 20:5n-3 (mg), 22:6n-3
(mg) and PUFA/SFA ratio. Total n-3 PUFA (g/d), total n-6
PUFA (g/d), total n-3 LCPUFA (mg/d), total EFA (as % en-
ergy), and total PUFA (as % energy) were calculated. There
were no intraindividual significant differences across time for
the nutrients being examined (SAS, version 8, PROC MIXED;
SAS Institute, Cary, NC); thus, the mean intake of each nutri-
ent for each subject was estimated using a minimum of two 24-
h recalls. Means by number of recalls for total energy, CHO,
fat, and protein intake (g and % energy) and for classifications
of fats and FA reported in this study were determined using
ANOVA. There were no significant differences between those
individuals who had two 24-h recalls and those who had three
recalls. Therefore, those women with two and three recalls
were combined for the final analyses. Group (GDM vs. con-
trols) differences were determined using ANOVA.

RESULTS

Subject characteristics are provided in Table 1. HbA1c (GDM,
5.40% ± .62, range 4.9 to 6.1; controls, 5.07% ± .38, range 4.4 to
5.9) and fructosamine (GDM, 182.33 µmol/L ± 29.96, range 149
to 207; controls, 181.59 µmol/L ± 19.62, range 126 to 222) val-
ues indicated that women with GDM were in clinical control
(normal HbA1c: 4.0–7.0%; normal fructosamine: <285 µmol/L).
There were no significant differences between groups with ei-
ther measure (HbA1c: F23 = 1.774, P = .196; fructosamine, F23 =
.003, P = .954). As shown in Table 2, significant differences be-
tween groups were noted for CHO intake, both in g/d and as a
percentage of energy, total fat as a percentage of energy, and
MUFA as a percentage of energy. As shown in Table 3, signifi-
cant differences existed between groups in both plasma PL total
n-6 FA and n-6 LCPUFA, but not in the n-3 FA. 

DISCUSSION

The distribution of macronutrients generally recommended for
healthy individuals is 30% or less total kcal from fat, of which
<10% are from SFA, approximately 15% of total kcal are from
protein, and the remaining 55% of kcal are from CHO. In preg-
nancy complicated by GDM, it is generally recommended that
CHO constitute 42 to 45% of energy intake, distributed among
six to eight meals and snacks throughout the day, with smaller
amounts of CHO (15 to 45 g) at breakfast and snacks. The
sources should be complex CHO, such as unrefined whole-grain
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TABLE 1
Characteristics of the Maternal Study Population

Control subjects Women with GDMa

Characteristic (n = 31) (n = 14)

Age (y) 25 ± 5.7b 29.6 ± 5.1c

Race (n)
Asian/Indian 0 2
Black—United States 1 1
Black—other 1 1
Caucasian 7 7
Latino—Caribbean 17 2
Latino—non-Caribbean 2 0

Parity (n)
0 10 7
1 13 3
2 4 2
3 1 0
≥4 0 1

Height (m) 1.63 ± .07 1.63 ± .10
Weight (kg, prepregnancy) 67.5 ± 16.8 78.2 ± 26.0
Weight (kg, at delivery) 84.8 ± 16.4 89.0 ± 26.6
Pregravid BMI (kg/m2) 25.3 ± 5.1 29.1 ± 7.0d

≤19.8 1 0
>19.8 to ≤25.5 17 6
>25.5 to <30 5 1
≥30 5 6

Weight gain (kg, prepregnancy wt to delivery) 17.2 ± 7.1 10.8 ± 6.3c

aGDM, gestational diabetes mellitus; BMI, body mass index.
bMean ± SD.
cSignificant difference (P < 0.05).
dTrend for a difference between groups (P < 0.10). 



breads, old-fashioned oatmeal, nuts, legumes, and lentils. Addi-
tionally, protein should comprise 20–25% of calories, which is
enough to meet the Recommended Dietary Allowance for preg-
nancy. Fat is recommended to range from 30 to 40% of total
calories to maintain adequate caloric intake while reducing CHO
intake (17). The women in this study were consuming diets com-
patible with the macronutrient recommendations for their partic-
ular group, i.e., control or GDM.

The women with GDM had a significantly higher percent-
age of energy from fat intake than controls, whereas absolute
dietary fat intake did not differ. Dietary EFA and LCPUFA did
not differ between the groups. However, with the exception of
four controls, n-3 LCPUFA was substantially lower than the
current LCPUFA recommendation of 200 to 300 mg/d (18).
Those women whose LCPUFA intake met the recommenda-
tion consumed at least one serving of fish per recall, plus eggs,
chicken, or turkey. The n-6/n-3 ratio for all subjects was higher
than the recommended n-6/n-3 ratio of 1:1 to 2:1 (19). Al-
though the limited number of repeated 24-h recalls for our sub-
jects may be viewed as a limitation of the study, our finding re-
garding intake of the n-3 FA is in good agreement with other
reports (15,20). Based on our data and given the potential im-
plications for long-term health, as well as the more immediate

effects on fetal development, we suggest that strategies to in-
crease EFA and LCPUFA in the diets of pregnant women
should be considered. The percentage of energy from SFA ex-
ceeded the recommendations in both groups. Replacing dietary
sources of SFA with those containing EFA and LCPUFA would
benefit pregnant women by improving both the diet EFA/
LCPUFA and SFA profiles of these women. Protein and fat
sources for these women were generally beef or pork, usually
the higher-fat cuts, or chicken, usually fried. Rarely did women
describe consuming protein sources that provided low to mod-
erate levels of fat and higher levels of n-3 LCPUFA, such as
tuna, salmon, and other cold-, deep-water marine fish. 

The current work parallels previous work reported by Wi-
jendran et al. (15), who reported on the nutrient intake of preg-
nant women studied in the early 1990s. These parallels indi-
cate that the message regarding the importance of n-3 FA has
not yet resulted in dietary changes in this population.
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TABLE 2
Mean Estimated Dietary Intakes in Control Subjects and in Women with GDM During the Third Trimestera

Nutrient Unit Control subjects (n = 31) Women with GDM (n = 14)

Energy kcal 2168 ± 585 1957 ± 332
Carbohydrate g/d 290.54 ± 82.54 228.15 ± 46.89b

% of energy 54.03 ± 8.13 46.74 ± 6.84b

Protein                        g/d 84.17 ± 29.44 84.35 ± 18.21
% of energy 15.05 ± 4.5 17.31 ± 2.81

Fat                              g/d 74.03 ± 28.71 81.32 ± 22.88
% of energy 31.86 ± 6.83 37.25 ± 6.54b

Total SFA                   g/d 29.86 ± 11.53 28.68 ± 8.70
% of energy 12.23 ± 3.30 13.86 ± 3.38

Total MUFA              g/d 27.76 ± 10.34 30.04 ± 8.39
% of energy 11.42 ± 2.72 14.36 ± 6.59b

18:2n-6                        g/d 11.56 ± 5.44 14.36 ± 6.56
% of energy 4.74 ± 1.82 6.44 ± 2.00

20:4n-6                     mg/d 155.38 ± 86.49 133.93 ± 69.72
18:3n-3                        g/d 1.34 ± .66 1.52 ± .88
20:5n-3                      mg/d 15.81 ± 20.57 12.26 ± 9.07
22:6n-3                      mg/d 67.69 ± 99.58 34.05 ± 18.92
Total n-6 PUFAc g/d 11.71 ± 5.49 14.49 ± 6.59
Total n-6 LCPUFAd g/d .16 ± .086 .13 ± .07
Total n-3 PUFAe g/d 1.46 ± .71 1.57 ± .89
Total n-3 LCPUFAf g/d .12 ± .20 .050 ± .033
Total EFAg % of energy 5.29 ± 2.01 7.11 ± 2.22
Total PUFAh % of energy 5.40 ± 2.02 7.20 ± 2.21
EFA n-6/EFA n-3 ratio 9.04 ± 2.68 9.77 ± 1.77
Total n-6/total n-3 ratio 4.53 ± 4.66 3.96 ± 4.03
LCPUFA n-6/n-3 ratio 3.80 ± 4.77 3.06 ± 2.12
PUFA/SFA ratio .51 ± .19 .59 ± .22
aMean ± SD. SFA, saturated FA; MUFA, monounsaturated FA; LCPUFA, long-chain PUFA; P/S, ratio of PUFA to SFA. For
other abbreviation see Table 1.
bSignificantly different from control subjects (P ≤ 0.05).
cΣ18:2 and 20:4.
d20:4 was the only n-6 LCPUFA identified.
eΣ18:3, 20:5, 22:5, and 22:6.
fΣ20:5, 22:5, and 22:6.
gΣ18:2n-6 and 18:3n-3.
hΣn-6 and n-3 FA. 
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TABLE 3
Mean Estimated Plasma Phospholipid FA (wt%) in Control Subjects and in Women
with GDM at Time of Deliverya

Control subjects Women with GDM
FA (n = 27) (n = 13)

18:2n-6 (linoleic acid) 22.1 ± 3.7 19.8 ± 3.3
(11.1 to 28.2) (12.3 to 23.6)

18:3n-3 (α-linolenic acid) 0.20 ± 0.12 0.17 ± 0.26
(0.00 to 0.45) (0.00 to .093)b

20:4n-6 (AA) 9.8 ± 2.0 7.9 ± 3.1
(5.3 to 13.2) (3.0 to 11.8)

22:6n-3 (DHA) 3.4 ± 1.1 3.1 ± 1.6
(1.5 to 5.5) (0.00 to 5.2)

Total n-3 FAc 4.7 ± 2.3 3.6 ± 1.6
(2.2 to 13.42) (0.00 to 5.8)

Total n-6 FAd 35.9 ± 4.7 30.3 ± 6.5
(22.6 to 42.4) (18.8 to 38.2)e

Total n-6 LCPUFAf 13.7 ± 2.5 10.5 ± 4.2
(7.1 to 10.9) (4.1 to 16.3)e

Total n-3 LCPUFAg 4.5 ± 2.3 3.4 ± 1.6
(1.9 to 13.2) (0.00 to 5.53)

Ratio n-6/n-3 plasma FA 8.9 ± 3.8 8.9 ± 4.2
(2.7 to 17.5) (4.5 to 20.7)

Ratio n-6/n3 plasma LCPUFA 3.5 ± 1.3 3.3 ± 1.8
(1.0 to 6.2) (1.6 to 8.1)

aMean ± SD (minimum to maximum) AA, anachidonic acid; DHA, docosahexaenoic acid.
bSignificantly different from control subjects (P ≤ 0.05).
cΣ18:3n-3, 20:5n-3, 22:5n-3, and 22:6n-3.
dΣ18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, and 20:4n-6.
eSignificantly different from control subjects (P ≤ 0.005).
fΣ20:5n-3, 22:5n-3, and 22:6n-3
gΣ20:2n-6, 20:3n-6, and 20:4n-6 



ABSTRACT: Irritable bowel syndrome (IBS) is a functional gas-
trointestinal disorder with a high co-occurrence with affective
dysregulation. Affective disorders have been associated with
specific changes in the PUFA and cholesterol profile. In IBS,
similar changes may be present as have been reported in pa-
tients with affective disorders. This exploratory study investi-
gates (i) the level of affective dysregulation (AD) in IBS patients
and healthy controls; (ii) PUFA and cholesterol profiles in IBS
patients compared with controls; and (iii) associations between
PUFA and cholesterol parameters with the level of AD. Blood
samples were obtained for determination of the FA composition
of plasma phospholipids and serum cholesterol in 23 diarrhea-
predominant IBS patients and 23 healthy matched controls. AD
was scored using the Symptom Check List depression scale, the
Hospital Anxiety and Depression Scale, and the Hamilton De-
pression Rating Scale. The level of AD was higher in IBS pa-
tients compared with controls. PUFA and cholesterol profiles
did not differ significantly between groups. Total n-3 PUFA and
cholesterol were significantly negatively associated and the
ratio of n-6 to n-3 PUFA and the ratio of arachidonic acid to
EPA were significantly positively associated with the level of
AD. The findings of the present study reveal that AD was higher
in IBS patients compared with healthy controls and that changes
in PUFA and cholesterol profiles were significantly associated
with the level of AD. These results warrant further studies re-
garding the role of PUFA and cholesterol status in the co-occur-
rence of AD and functional gastrointestinal disorders.

Paper no. L9478 in Lipids 39, 425–431 (May 2004).

Irritable bowel syndrome (IBS) is a functional gastrointesti-
nal disorder characterized by abdominal pain or discomfort
associated with alteration in defecation, in the absence of
structural or biochemical abnormalities that can be identified
with currently available tests (1). About 10–20% of the West-
ern population has symptoms consistent with a diagnosis of
IBS (2). The quality of life of individuals with IBS is lower

than that of individuals with congestive heart failure; health
care and employer costs of IBS are high (3,4). IBS can be
classified into diarrhea-predominant (d-IBS), constipation-
predominant, and mixed type of IBS. The pathophysiology of
IBS is poorly understood. A multicomponent conceptual
model of IBS has been postulated, involving physiological,
affective, cognitive, and behavioral factors (5). Within this
model the “brain–gut axis” has gained interest. The brain–gut
axis is a theoretical model describing the bidirectional neural
pathways linking cognitive and emotional centers in the brain
to neuroendocrine centers, the enteric nervous system, and
the immune system. This brain–gut axis plays a major role in
the concept of IBS (6).

The prevalence of affective dysregulation in IBS patients
seen in a gastroenterologic setting is estimated between 40 and
90% (7–10). Chronic modulation of serotonergic activity has
been widely applied in the treatment of both affective disorders
and IBS. Treatment using serotonergic modulators has been re-
ported to influence both gastrointestinal and psychiatric symp-
toms in IBS (11). Disturbed serotonergic metabolism seems es-
pecially prevalent in the d-IBS type of IBS (12–14). The high
rates of affective dysregulation in IBS patients may be a spe-
cific and integral part of IBS, rather than a nonspecific co-mor-
bid syndrome related to a chronic intestinal disease (11,15,16). 

In patients with affective disorders, such as major depres-
sion, specific changes in the composition of PUFA and cho-
lesterol profiles have been observed. Specifically, affective
disorders are associated with diminished levels of plasma
total n-3 PUFA, a higher ratio of n-6 to n-3 PUFA, a higher
ratio of arachidonic acid (AA) to EPA, and lower serum total
cholesterol levels (17–21).

The role of PUFA and cholesterol in the pathophysiology of
affective disorders has been related to alterations in central ner-
vous system (CNS) serotonergic neurotransmitter systems, mem-
brane-bound receptor function, and enzymatic activity caused by
disruption of neuronal membrane composition and structure
(22–24). In addition, the immune system may play a role in the
mechanism of action of PUFA in affective disorders (25,26). 

Consequently, more knowledge of PUFA composition in
d-IBS patients may have both pathophysiological and therapeu-
tic implications. As IBS is associated with a high co-occurrence
of affective dysregulation, and as affective disorders have been
associated with specific changes in the PUFA and cholesterol
profile, we hypothesized that in d-IBS similar changes may be
present as have been reported in patients with affective disorders.
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This exploratory study investigates: (i) the level of affective dys-
regulation in d-IBS patients and healthy controls; (ii) PUFA and
cholesterol profiles in d-IBS patients compared with controls;
and (iii) associations between PUFA and cholesterol parameters,
respectively, and the level of affective dysregulation. 

MATERIALS AND METHODS

Subjects. Patients were recruited from the outpatient Depart-
ment of Gastroenterology of University Hospital Maastricht
(Maastricht, The Netherlands). Healthy control subjects were
enrolled via advertising in local papers. The Medical Ethics
Committee of the University Hospital Maastricht approved
the study protocol, and all subjects gave their written in-
formed consent before the start of the study. The required
number of subjects was based on results of other ongoing
studies at our department and an estimated effect size of 0.9
(based on the standardized mean difference between postmyo-
cardial infarction patients with co-morbid depression and
postmyocardial infarction patients without co-morbid depres-
sion with respect to the AA/EPA ratio), with β = 0.2 and α =
0.05 resulting in n = 21 per group. Patients fulfilled the diag-
nosis of d-IBS according to the ROME II criteria, as diag-
nosed by an experienced gastroenterologist (27). These di-
agnostic criteria for IBS are abdominal discomfort or pain for at
least 12 wk, which need not be consecutive, in the preceding
12 mon that has two out of three features: (i) relieved with
defecation; and/or (ii) onset associated with a change in fre-
quency of stool; and/or (iii) onset associated with a change in
form of stool in absence of structural or metabolic abnormali-
ties to explain symptoms. Additional criteria for d-IBS are
more than three bowel movements a day or loose/watery
stools or urgency. Before participating in the study, all sub-
jects were screened by a standardized psychiatric examina-
tion comprising the Mini International Neuropsychiatric In-
terview (MINI) to determine the present psychiatric state
(28). The level of affective dysregulation was assessed by
using the depression scale of the Symptom Check List (SCL-
depression) (29), the Hospital Anxiety and Depression Rat-
ing Scale (HADS) (30), and the 17-item Hamilton Depression
Rating Scale (HAM-D17) (31). Physical health was assessed
by means of a standard physical examination and urine test.
A pregnancy test was performed on all female subjects. Ex-
clusion criteria were abdominal surgery, use of medications
other than oral contraceptives within 14 d before testing, lac-
tose malabsorption (using the H2-breath test) (32,33), a posi-
tive first-degree psychiatric family history (34), any history
of psychiatric disease or use of psychoactive medication, pre-
menstrual syndrome, dieting, pregnancy or lactation, exces-
sive alcohol intake (>20 alcoholic consumptions a week), and
hypertension (diastolic >100 mm Hg, systolic >170 mm Hg),
respectively. For the control subjects, the same exclusion cri-
teria applied as those for the patients. Additional exclusion
criteria for the control subjects were current or history of gas-
trointestinal disorder, current psychiatric or psychological
symptomatology defined as: a diagnosis on the MINI, SCL-

depression score for females equal to or above 28 and for
males equal to or above 23, HADS scores equal to or above
8, and HAM-D17 scores above 18. 

Design. To eliminate possible bias, all women were evalu-
ated in the follicular phase of the menstrual cycle or while tak-
ing oral contraception. To exclude possible seasonal variation,
the patient and corresponding matched control subject were
evaluated within 3 mon time. They were asked to abstain from
heavy physical exercise and consumption of alcoholic bever-
ages the day before their visit. Subjects attended the laboratory
after an overnight fast (after 10:00 PM, no eating, drinking, or
smoking allowed) at 8:00 AM for blood collection.

Biochemical parameters. Blood for plasma PUFA determi-
nation was sampled in Vacutainer (K2E) tubes and was imme-
diately placed on ice. Blood for serum cholesterol was sampled
in Vacutainer (SST) tubes. All samples were centrifuged within
30 min (10 min, 900 × g, 4°C) and stored at −80°C until analy-
sis. PUFA samples were preserved from oxidation by blanket-
ing them with nitrogen (35). Samples were analyzed blind as
to subject status in a single run. Plasma phospholipid concen-
trations were determined, after isolation from plasma, as
FAME. To 100 µL of plasma, 300 µL of 1% EDTA and 50 µL
of internal standard were added (620 mg/L 1,2-dinonadec-
anoyl-sn-glycero-3-phosphocholine (Avanti Polar, Alabaster,
AL); to all solutions BHT was added as an antioxidant. Total
lipids were extracted from plasma with a modified extraction
according to Folch et al. (36). The phospholipid fraction was
isolated by multiple solid-phase extraction (Bond Elut amino-
propyl bonded silica columns 3 mL, 500 mg; Varian, Palo Alto,
CA) as described previously (37). Phospholipids were hy-
drolyzed, and the resulting FA converted to methyl esters with
boron trifluoride/methanol (14%). The FAME were determined
by a gas chromatograph with FID (HP5890 series II; Hewlett-
Packard, Palo Alto, CA) with a dual capillary column technique
for optimal separation of cis- and trans-FAME (BP1 50 m ×
0.22 mm, i.d. 0.1 µm, BPX70 50 m × 0.22 mm, i.d. 0.25 µm;
SGE, Melbourne, Australia). Serum total cholesterol, HDL
cholesterol (HDL-C), and LDL cholesterol (LDL-C) were mea-
sured by a commercially available colorimetric assay (Beck-
man Synchron LX20 systems, Fullerton, CA).

Statistical analyses. Group differences (IBS vs. control) in
demographic data were analyzed using independent t-tests.
PUFA profile was the primary outcome parameter consisting
of three FA outcome parameters (total n-3 PUFA, ratio of n-6
to n-3 PUFA, and ratio of AA to EPA). The secondary outcome
parameter was cholesterol profile (serum total cholesterol,
HDL-C, and LDL-C). Group differences in outcome parame-
ters were assessed by means of two multivariate ANOVA (one
for FA parameters, one for cholesterol parameters). Associa-
tions between outcome parameters with level of affective dys-
regulation as indicated by SCL-depression, HADS, and HAM-
D17 scores, respectively, were analyzed by linear regression.
Cook’s distance was used to identify possible influential cases
according to the lines described by Hair (38). Data are presented
as mean ± SEM. Two-tailed P-values ≤ 0.05 were considered
statistically significant. Statistical analyses were performed
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using the SPSS 10.0 for Windows software package (Chicago,
IL).

RESULTS

Sample description. Table 1 summarizes characteristics of the 46
participants (23 patients and 23 healthy controls). No significant
differences were found between the two groups with respect to
sex, age, body mass index (BMI), contraceptive use, or alcohol
and cigarette consumption (P ≥ 0.3). Severity of affective dys-
regulation, as indicated by the SCL-depression, HADS, and
HAM-D17 scores, was significantly higher in IBS patients than
in healthy controls for all three parameters (P ≤ 0.02).

FA profile of plasma phospholipids. The amounts of the var-
ious FA were expressed as weight percentages (wt%) of total
FA as well as absolute concentrations (mg/L). In total, 35 FA
were identified, but FA percentages <0.1% were not recorded;
therefore, 26 FA were listed in Table 2. The following FA com-
binations were calculated: ΣSAFA (sum of all saturated FA),
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TABLE 1 
Demographic Data of Patients with Irritable Bowel Syndrome (IBS)
and Healthy Matched Controls (mean ± SEM)

IBS Controls Patients vs. controlsa

(n = 23) (n = 23) P value

Females (n) 14/23 14/23
Oral contraceptives (n) 11/14 11/14
Males (n) 9/23 9/23
Age 32.9 ± 2.3 28.6 ± 3.3 0.3
Body mass index 23.1 ± 0.9 22.7 ± 0.5 0.7
Alcohol units/d 1.12 ± 0.6 0.53 ± 0.1 0.4
Cigarettes/d 2.10 ± 0.8 1.27 ± 0.7 0.4
Diagnosis on MINI 7b 0 —
SCL-depression 20.5 ± 1.2 17.3 ± 0.5 0.02
HADS 6.22 ± 0.7 3.17 ± 0.6 0.002
HAM-D17 4.2 ± 0.8 0.83 ± 0.2 <0.001
aIndependent samples t-test comparing IBS patients vs. control subjects.
bSeven subjects had a psychiatric diagnosis: depression (n = 2), agoraphobia
(n = 3), social phobia (n = 2), and anxiety disorder (n = 2), respectively.
MINI, Mini International Neuropsychiatric Interview; HAM-D17, 17-item
Hamilton Depression Rating Scale; SCL, Symptom Check List; HADS, Hos-
pital Anxiety and Depression Rating Scale.

TABLE 2 
Descriptive (wt% of total FAa and absolute levels in mg/L) as Well as Outcome Parameters of FA Profile
of Plasma Phospholipids in IBS Patients and Healthy Controls (mean ± SE)

IBS (n = 23) Controls (n = 23)

wt% mg/L wt% mg/L

Total FA — 1421 ± 46.4 — 1364 ± 47.5
14:0 0.33 ± 0.02 4.77 ± 0.33 0.31 ± 0.01 4.24 ± 0.29
15:0 0.18 ± 0.01 2.56 ± 0.16 0.19 ± 0.10 2.64 ± 0.13
16:0 29.3 ± 0.38 417 ± 15.1 29.3 ± 0.36 400 ± 16.2
17:0 0.32 ± 0.01 4.49 ± 0.19 0.34 ± 0.01 4.59 ± 0.14
18:0 12.4 ± 0.41 176 ± 8.49 12.0 ± 0.32 163 ± 5.65
20:0 0.47 ± 0.02 6.64 ± 0.23 0.50 ± 0.01 6.80 ± 0.29
22:0 1.47 ± 0.06 20.6 ± 0.83 1.54 ± 0.03 20.9 ± 0.68
23:0 0.59 ± 0.02 8.31 ± 0.26 0.67 ± 0.01 9.14 ± 0.34
24:0 1.26 ± 0.05 17.8 ± 0.73 1.36 ± 0.03 18.5 ± 0.66
16:1n-7 0.45 ± 0.03 6.45 ± 0.58 0.38 ± 0.04 5.33 ± 0.65
18:1n-7 1.69 ± 0.06 23.9 ± 1.13 1.63 ± 0.03 22.2 ± 0.92
18:1n-9 8.16 ± 0.26 117 ± 6.12 8.36 ± 0.24 114 ± 5.26
20:1n-9 0.15 ± 0.01 2.15 ± 0.13 0.16 ± 0.01 2.20 ± 0.15
20:3n-9 0.12 ± 0.01 1.67 ± 0.17 0.11 ± 0.01 1.53 ± 0.12
24:1n-9 2.06 ± 0.11 28.8 ± 1.12 2.09 ± 0.10 28.5 ± 1.44
18:2n-6 (LA) 21.0 ± 0.54 297 ± 11.0 22.0 ± 0.53 292 ± 9.92
20:2n-6 0.36 ± 0.02 5.13 ± 0.27 0.37 ± 0.01 5.12 ± 0.29
20:3n-6 3.04 ± 0.13 43.9 ± 2.77 3.03 ± 0.14 41.8 ± 2.70
20:4n-6 (AA) 8.93 ± 0.35 127 ± 6.52 8.43 ± 0.28 116 ± 6.55
22:4n-6 0.32 ± 0.02 4.48 ± 0.32 0.30 ± 0.01 4.01 ± 0.17
22:5n-6 (Oba) 0.19 ± 0.01 2.77 ± 0.22 0.20 ± 0.02 2.71 ± 0.27
24:2n-6 0.24 ± 0.01 3.34 ± 0.19 0.24 ± 0.01 3.34 ± 0.18
18:3n-3 (ALA) 0.23 ± 0.02 3.23 ± 0.26 0.21 ± 0.01 2.91 ± 0.18
20:5n-3 (EPA) 0.79 ± 0.13 11.4 ± 2.00 0.64 ± 0.06 8.78 ± 0.90
22:5n-3 (DPA) 0.77 ± 0.06 11.0 ± 1.00 0.72 ± 0.05 10.0 ± 0.60
22:6n-3 (DHA) 3.10 ± 0.15 43.4 ± 2.43 3.13 ± 0.13 43.2 ± 2.94
ΣSAFA 46.3 ± 0.26 659 ± 21.9 46.2 ± 0.21 631 ± 21.4
ΣMUFA 12.5 ± 0.29 178 ± 7.60 12.7 ± 0.27 173 ± 7.42
ΣPUFA 39.0 ± 0.32 554 ± 17.8 38.9 ± 0.36 531 ± 19.3
Σn-6 34.1 ± 0.41 483 ± 15.5 34.2 ± 0.42 465 ± 16.4

Outcome parameters
Σn-3 4.92 ± 0.24 69.0 ± 4.29 4.77 ± 0.19 64.5 ± 3.91
Σn-6/Σn-3 7.35 ± 0.43 7.48 ± 0.43 7.42 ± 0.33 7.56 ± 0.34
AA/EPA 16.8 ± 2.18 16.8 ± 2.17 16.3 ± 2.00 16.3 ± 2.02

aAA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; LA, linoleic acid; Oba, Osbond acid; ΣSAFA,
sum of all saturated FA; ΣMUFA, sum of all monounsaturated FA; ΣPUFA, sum of all PUFA; Σn-6, sum of all n-6 PUFA;
Σn-3, sum of all n-3 PUFA; for other abbreviation see Table 1.



ΣMUFA (sum of all monounsaturated FA), ΣPUFA (sum of all
PUFA), Σn-6 PUFA, Σn-3 PUFA, ratio of n-6 to n-3 PUFA, and
ratio of AA to EPA (20:4n-6/20:5-n3). 

PUFA and cholesterol profile. In Table 2 the FA outcome
parameters and in Table 3 the cholesterol parameters are listed.
As can be seen in these tables, there was no difference in out-
come parameters between subject groups. Multivariate analy-
ses did not show a significant difference in total n-3 PUFA,
ratio of n-6 to n-3 PUFA, and ratio of AA to EPA (F(HOT) = 0.4,
DF = 3.42, P = 0.8) nor in total cholesterol, HDL-C, and LDL-C
between IBS patients and controls (F(HOT) = 1.8, DF = 3.42,
P = 0.2), with no univariate significance. 

Associations between PUFA and total cholesterol with
level of affective dysregulation. Total n-3 PUFA tended to be
significantly negatively associated with SCL-depression
scores (F = 3.5, P = 0.07, R2 = 0.07). Cook’s distance analy-
ses showed that the regression model was unstable as indi-
cated by two large Cook’s measures; subsequently, these two
cases (2 patients) were excluded. After removal of these two
cases, total n-3 PUFA was significantly negatively associated
with SCL-depression scores (F = 8.6, P = 0.006, R2 = 0.18).
Total n-3 PUFA tended to be negatively associated with
HADS scores (F = 3.5, P = 0.06, R2 = 0.08). The ratio n-6 to
n-3 PUFA was significantly positively associated with SCL-
depression scores (F = 11.9, P = 0.002, R2 = 0.22) and HADS
scores (F = 4.8, P = 0.03, R2 = 0.11). The ratio of AA to EPA
was significantly positively associated with SCL-depression
scores (F = 12.9, P = 0.002, R2 = 0.24). Total serum choles-

terol was significantly negatively associated with SCL-de-
pression scores (F = 7.6, P = 0.005, R2 = 0.15). PUFA and
cholesterol profile were not significantly associated with
Hamilton scores (P > 0.2). As an example, Figure 1 illustrates
the associations between total n-3 PUFA and ratio of AA to
EPA with SCL-depression scores. 

DISCUSSION

The patient group demonstrated a higher level of affective
dysregulation compared with the control group but did not
differ in PUFA and cholesterol profiles. However, total n-3
PUFA and cholesterol were significantly negatively associ-
ated and the ratio of n-6 to n-3 PUFA as well as the ratio of
AA to EPA were significantly positively associated with level
of affective dysregulation, respectively. 

To our knowledge no previous studies have determined
possible changes in PUFA profile in IBS patients compared
with healthy matched controls. IBS patients had increased
levels of affective dysregulation, and PUFA and cholesterol
profiles were significantly associated with affective dysregu-
lation. However, we did not show differences in PUFA and
cholesterol indices between IBS patients and controls, as have
been reported in patients with affective disorders. This may
be explained by the fact that the level of affective dysregula-
tion in our IBS patients was attenuated compared with that of
patients primarily presenting with affective disorders. In ad-
dition, we chose to study the d-IBS type of IBS, because clas-
sification into subtypes appears to reflect physiological dif-
ferences between each type (39,40); and we excluded patients
with a previous psychiatric diagnosis or first-degree family
history of affective disorders (41). As a result, failure to iden-
tify group differences may be due to inclusion bias and a type
II error. Future studies could include a larger cohort of IBS
patients that are followed over time.

At present, it is unclear whether changes in PUFA profile
are state markers, i.e., only present during an illness episode,
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TABLE 3 
Serum Total Cholesterol, HDL Cholesterol (HDL-C)
and LDL Cholesterol (LDL-C) in IBSa

Patients and Healthy Controls (mean ± SE)

IBS (n = 23) Controls (n = 23)

Total cholesterol (mmol/L) 5.13 ± 0.18 5.09 ± 0.19
HDL-C (mmol/L) 1.09 ± 0.07 1.22 ± 0.08
LDL-C (mmol/L) 3.31 ± 0.17 3.39 ± 0.18
aFor abbreviation see Table 1.

FIG. 1. Associations between (A) total percentage n-3 PUFA in phospholipids (wt% of total FA) and (B) ratio of ara-
chidonic acid (AA) to EPA with level of affective dysregulation as indicated by the Symptom Check List (SCL)
depression score. IBS, irritable bowel syndrome.



or trait markers, i.e., also present in symptom-free episodes
and in those subjects at risk of affective dysregulation. Alter-
ations in PUFA profile have been reported in symptom-free
first-degree relatives of patients with affective disorders who
did not have a previous or current psychiatric diagnosis (41).
Our findings indicate that an association between PUFA pro-
file and affective dysregulation is also present in a population
with a low level of affective dysregulation and without a pre-
vious psychiatric diagnosis or first-degree family history of
affective disorders. Serotonergic modulators are used in the
treatment of both affective disorders and IBS, and it has been
shown that serotonin is a mediator of brain–gut responses
(11,42,43). In addition, changes in PUFA are associated with
parameters of central serotonergic activity (23,41,44). Whether
these findings indicate a role for PUFA profile as a metabolic
mediator in the brain–gut interaction remains to be eluci-
dated.

In addition to the role of PUFA in serotonergic neurotrans-
mitter systems, PUFA are the precursors of eicosanoids (pros-
taglandins, thromboxanes, prostacyclines, and leukotrienes),
which participate in the regulation of immunological and in-
flammatory responses (45). Supplementation with n-3 PUFA
leads to the production of eicosanoids with attenuated inflam-
matory effects in comparison with those produced from n-6
PUFA (46). Interestingly, co-administration of n-3 PUFA has
been reported to improve affective dysregulation in major de-
pressive disorder (47–49). 

IBS has always been considered a functional gastrointesti-
nal disorder without any signs of structural or metabolic abnor-
malities, such as inflammation of the gut wall. However, the
observations that d-IBS may be precipitated by an acute enteric
infection and that some d-IBS patients have an increased num-
ber of inflammatory cells in the intestinal mucosa have recently
prompted consideration of inflammation as a putative basis for
symptom generation in d-IBS (50–52). In this regard, d-IBS
may follow a pattern of pathogenesis similar to other chronic
relapsing inflammatory disorders such as rheumatoid arthritis
and chronic obstructive pulmonary disease. Dietary supple-
ments of n-3 PUFA have been reported as beneficial in the
treatment of many inflammatory conditions, i.e., inflammatory
bowel disease (IBD: Crohn’s disease and ulcerative colitis),
eczema, psoriasis, and rheumatoid arthritis (53,54).

Although not the aim of our study, comparison of the func-
tional bowel disorder IBS with IBD with respect to the influ-
ence of PUFA on the pathophysiological processes and course
of the diseases is challenging. In both disorders the brain–gut
axis seems to play an important role in the pathophysiology
(55,56). The role of the brain–gut axis, however, has been far
better established in IBS than IBD. On the other hand, the role
of inflammation, even at a systemic level, is much more pro-
nounced in IBD with regard to the pathophysiology and gen-
eration of symptoms. Regarding future research, it would be
interesting to obtain intestinal biopsies in IBS patients in
order to subdivide IBS patients into groups with and without
signs of intestinal inflammation and to study the relation with
PUFA profile and affective dysregulation (57).

Examination of the data concerning an association be-
tween n-3 PUFA and SCL-depression scores revealed two
outliers. Because of the relatively small number of subjects
and the strong influence of these two patients’ scores on the
regression model, we considered the model without the two
outliers to be a better estimation of the association between
total n-3 PUFA and SCL-depression scores (58). Potential
confounders are not expected to explain our findings. IBS pa-
tients were successfully matched to controls with respect to
age, gender, BMI, alcohol consumption, smoking behavior,
menstrual cycle phase, and contraception. As we did not as-
sess dietary fat intake, we cannot exclude that the quantita-
tive and qualitative intake in IBS patients differed from that
in the controls (59). However, we screened all subjects for
cholesterol-restricted or weight-reducing diets. In addition,
patients were screened for the presence of possible lactose
malabsorption, which has been associated with symptoms
identical to d-IBS as well as with signs of mental depression
and could be associated with malabsorption of relevant nutri-
ents (33). Furthermore, the absolute FA concentrations as
well as the percentages of linoleic acid and α-linolenic acid,
the precursors of the n-6 and n-3 PUFA series, did not signifi-
cantly differ between patients and controls, which suggests
no difference in intake, intestinal absorption, or synthesis be-
tween patients and controls.

In conclusion, the findings of the present study revealed that
affective dysregulation was higher in IBS patients compared
with healthy controls and that changes in PUFA and cholesterol
profile were significantly associated with affective dysregula-
tion. These results warrant further studies regarding the role of
PUFA and cholesterol status in the co-occurrence of affective
dysregulation and functional gastrointestinal disorders.
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ABSTRACT: The intracellular mechanisms underlying oxi-
dized low density lipoprotein (oxLDL)-signaling pathways in
platelets remain obscure and findings have been controversial.
Therefore, we examined the influence of oxLDL in washed
human platelets. In this study, oxLDL concentration-depen-
dently (20–100 µg/mL) inhibited platelet aggregation in human
platelets stimulated by collagen (1 µg/mL) and arachidonic acid
(60 µM), but not by thrombin (0.02 U/mL). The activity of
oxLDL was greater at 24 h in inhibiting platelet aggregation than
at 12 h. At 24 h, oxLDL concentration-dependently inhibited
intracellular Ca2+ mobilization and thromboxane B2 formation
in human platelets stimulated by collagen. In addition, at 24 h
oxLDL (40 and 80 µg/mL) significantly increased the formation
of cyclic AMP, but not cyclic GMP or nitrate. In an ESR study,
24 h-oxLDL (40 µg/mL) markedly reduced the ESR signal inten-
sity of hydroxyl radicals (OH·−) in both collagen (2 µg/mL)-acti-
vated platelets and Fenton reaction (H2O2 + Fe2+). The in-
hibitory effect of oxLDL may induce radical–radical termination
reactions by oxLDL-derived lipid radical interactions with free
radicals (such as hydroxyl radicals) released from activated
platelets, with a resultant lowering of intracellular Ca2+ mobi-
lization, followed by inhibition of thromboxane A2 formation,
thereby leading to increased cyclic AMP formation and finally
inhibited platelet aggregation. This study provides new insights
concerning the effect of oxLDL in platelet aggregation.

Paper no. L9421 in Lipids 39, 433–440 (May 2004).

The oxidation theory of atherosclerosis proposes that forma-
tion of oxidized LDL (oxLDL) in the subendothelial space of
artery walls represents a causative event for atherogenesis.
Evidence from oxidized lipoproteins has been detected in ath-
erosclerotic lesions (1), and oxLDL exhibits various proath-
erogenic activities (2). Macrophage cholesterol accumulation
and foam cell formation is a hallmark of atherogenesis (3).
Platelets interact with plasma lipoprotein as well as with arte-
rial wall macrophages that play an important role in athero-
genesis (4). Plasma lipoproteins have been shown to affect
platelet activity in vitro and in vivo. The susceptibility of

platelets to aggregation in vitro on stimulation by aggregating
agents, such as ADP and collagen, has been shown to increase
in most, but not all, studies of platelet-rich plasma (PRP) from
hypercholesterolemic individuals (5).

Oxidation of LDL may be one of the main factors involved in
the initial development of atherosclerotic lesions (1). LDL can
be oxidized within the arterial wall by macrophages; this process,
which favors the accumulation of LDL in the intima of the arter-
ial wall, is thought to be a possible explanation for the progres-
sion of arteriosclerotic lesions. Endothelial cells also induce
oxLDL formation, but in turn may be damaged by oxLDL (1).
LDL has been suggested to have platelet-activating properties
such as decreasing the threshold for stimulation by aggregation
agents and inducing platelet aggregation (6,7). However, evi-
dence regarding the induction of platelet activation by LDL is
controversial. Several studies have reported the inhibition of ag-
onist-induced platelet aggregation by native LDL (nLDL) (8,9).
In others, platelet-activating effects of either lower nLDL (10–50
µg/mL) (10) or higher concentrations of LDL (more than 1–2
mg/mL) have been described (7). Furthermore, platelet-activat-
ing activity was found to reside in oxLDL rather than in nLDL
(11). oxLDL plays an important role in the pathogenesis of ath-
erosclerosis; it also has been reported to enhance platelet activa-
tion in some (6,12), but not all, studies (13,14). Vlasova et al.
(14) found that highly oxidized LDL not only failed to activate
platelet aggregation but also inhibited ADP-induced aggrega-
tion. However, they also found that mildly oxidized LDL dimin-
ished the time-dependent decrease in platelet aggregability in
PRP (15). Such discrepancies among reported oxLDL–platelet
interactions may depend on methodological variations in the iso-
lation, oxidization, and dosage of lipoproteins employed, which
might result in nonhomogeneous oxidation (8).

In this study, we found that oxLDL (LDL oxidized with
copper), at lower concentrations (40–80 µg/mL), significantly
inhibited agonist-induced platelet aggregation. However, the
detailed intracellular mechanisms underlying oxLDL–platelet
interaction still remain obscure. We therefore systemically ex-
amined the influence of oxLDL in washed human platelets
and utilized the findings to characterize the mechanisms in-
volved in this influence.

MATERIALS AND METHODS

Materials. Collagen (Type I, bovine achilles tendon), ara-
chidonic acid (AA), sodium citrate, luciferin-luciferase,
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indomethacin, prostaglandin E1 (PGE1), nitroglycerin,
apyrase, catalase, thrombin, BSA, and heparin were pur-
chased from Sigma Chemical (St. Louis, MO). Fura 2-AM
was purchased from Molecular Probe (Eugene, OR).
DEPMPO (5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-
oxide) was purchased from OXIS (Portland, OR). Cyclic
AMP, cyclic GMP, and thromboxane B2 (TxB2) enzyme im-
munoassay (EIA) kits were purchased from Cayman (Ann
Arbor, MI). 

Preparation of human platelet suspensions. Human
platelet suspensions were prepared as previously described
(16). In this study, human volunteers gave informed consent.
In brief, blood was collected from healthy human volunteers
who had taken no medicine during the preceding 2 wk and
then mixed with an acid/citrate/glucose anticoagulant (9:1
blood/anticoagulant, vol/vol). After centrifugation at 120 × g
for 10 min at room temperature, the supernatant (PRP) was
supplemented with PGE1 (0.5 µM) and heparin (6.4 IU/mL),
then incubated for 10 min at 30°C, and centrifuged at 500 × g
for 10 min. The washed platelets were finally suspended in
Tyrode’s solution containing BSA (3.5 mg/mL) and adjusted
to a concentration of 4.5 × 108 platelets/mL. The final con-
centration of Ca2+ in Tyrode’s solution was 1 mM.

Isolation of human plasma LDL. Human LDL (at a den-
sity of 1.109–1.063) was isolated from fresh plasma of fasted
normolipidemic human volunteers collected in EDTA (2 mM)
by sequential density gradient ultracentrifugation as described
by Dousset et al. (17). In brief, plasma density was adjusted
to 1.02 g/mL using a NaCl/KBr solution for immediate sepa-
ration of VLDL and intermediate density lipoproteins, and
then adjusted to 1.063 g/mL for the separation of LDL. The
LDL was further purified by resuspension in the appropriate
NaCl/KBr solution (1.063 g/mL) and ultracentrifuged. The
LDL was then dialyzed for 24 h at 4°C against three changes
of nitrogen-gassed 0.02 M Tris buffer to remove the EDTA
and KBr. After dialysis, LDL was stored for not more than 7
d under nitrogen at 4°C in the dark. Total protein concentra-
tion was measured by the Lowry method using BSA as the
standard (18).

Oxidation of LDL. After adjustment of the LDL concen-
tration to 0.5 mg/mL (expressed as total LDL concentration),
lipoprotein preparations were dialyzed against 100 vol of 10
mM sodium phosphate buffer (containing 150 mM NaCl, pH
7.4) for 18 h, at 4°C in the dark. Oxidation was initiated by
addition of CuSO4 (5 µM) for 12 and 24 h at 37°C, respec-
tively, and was stopped after the addition of EDTA (20 µM).
Before the functional studies, oxLDL was filtered through a
Sephadex PD-10 column (Pharmacia, Uppsala, Sweden) to
remove EDTA and copper and was reconcentrated at 4°C
using Centricon 3000 filters (Amicon, Bedford, MA) accord-
ing to the manufacturer’s instructions. Oxidation was con-
firmed by the TBARS assay (19). Tetramethoxypropane was
used as a standard, and the results were expressed as
nanomoles of malondialdehyde equivalents per milligram
protein of LDL. The extent of aldehyde-modified lysine in
oxidized LDL (adjusted to 0.1 mg LDL protein/mL) was

monitored by determining the fluorescence intensity (excita-
tion at 350 nm, emission at 420 nm) (20). The 12-h (12h-
oxLDL) and 24-h (24h-oxLDL) lipoproteins were used in all
of the functional studies within 48 h of preparation.

Platelet aggregation. The turbidimetric method was ap-
plied to measure platelet aggregation (19), using a Lumi-Ag-
gregometer (Payton, Ontario, Canada). Platelet suspensions
(4.5 × 108 platelets/mL, 0.4 mL) were prewarmed to 37°C for
2 min (stirring at 1200 rpm) in a silicone-treated glass cuvette.
oxLDL (20–100 µg/mL) was added 3 min before the addition
of platelet-aggregation inducers. The reaction was allowed to
proceed for at least 6 min, and the extent of aggregation was
expressed in light-transmission units. When measuring ATP
release, 20 µL of the luciferin/luciferase mixture was added 1
min before the addition of the agonists, and ATP release was
compared with that of the control. 

Measurement of platelet [Ca2+]i mobilization by Fura 2-
AM fluorescence. Citrated whole blood was centrifuged at
120 × g for 10 min. The supernatant was protected from light
and incubated with Fura 2-AM (5 µM) at 37°C for 1 h.
Human platelets were then prepared as described above. Fi-
nally, the external Ca2+ concentration of the platelet suspen-
sions was adjusted to 1 mM. The rise in [Ca2+]i was measured
using a fluorescence spectrophotometer (CAF 110; JASCO,
Tokyo, Japan) at excitation wavelengths of 340 and 380 nm,
and an emission wavelength of 500 nm. [Ca2+]i was calcu-
lated from the fluorescence, using 224 nM as the Ca2+-Fura 2
dissociation constant (21). 

Measurement of TxB2 formation. Washed human platelet
suspensions (4.5 × 108/mL) were preincubated for 3 min in
the absence or presence of oxLDL (40 and 80 µg/mL) before
the addition of collagen (1 µg/mL). Six minutes after the ad-
dition of the agonist, 2 mM EDTA and 50 µM indomethacin
were added to the reaction suspensions. The vials were then
centrifuged for 3 min at 15,000 × g. The TxB2 levels of the
supernatants were measured using an EIA kit (Cayman) ac-
cording to the instructions of the manufacturer.

Estimation of platelet cyclic AMP and cyclic GMP forma-
tions. The method of Karniguian et al. (22) was followed. In
brief, platelet suspensions were warmed to 37°C for 1 min,
then either PGE1 (10 µM), nitroglycerin (10 µM), or oxLDL
(40 and 80 µg/mL) was added and incubated for 6 min. The
incubation was stopped, and the solution was immediately
boiled for 5 min. After cooling to 4°C, the precipitated pro-
tein was collected as sediment after centrifugation. Fifty mi-
croliters of supernatant was used to determine the cyclic AMP
and cyclic GMP contents by EIA kits (Cayman) following
acetylation of the samples as described by the manufacturer.

Estimation of nitrate in human platelet suspensions.
Platelet suspensions (1 × 109/mL) were preincubated with col-
lagen (1 µg/mL) or oxLDL (40 and 80 µg/mL) for 6 min fol-
lowed by centrifugation (17,500 × g) for 5 min. The super-
natants were deproteinized by incubation with 95% ethanol at
4°C for 30 min. Samples were then centrifuged for a further 7
min at 15,000 × g. It should be noted that the nitrate concen-
trations in the platelet suspensions reported in this study actu-
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ally represent the total of both nitrite and nitrate concentra-
tions in the platelet suspensions. The amount of nitrate in the
platelet suspensions (10 µL) was measured by adding a reduc-
ing agent (0.8% VCl3 in 1 M HCl) to the purge vessel to con-
vert nitrate to NO, which was stripped from the platelet sus-
pensions by a helium purge gas. The NO was then drawn into
a Sievers Nitric Oxide Analyzer (280 NOA; Sievers Instru-
ments, Boulder, CO). Nitrate concentrations were calculated
by comparison with standard solutions of sodium nitrate.

Measurement of free radicals in platelet suspensions by
ESR spectrometry. The ESR method used a Bruker EMX ESR
spectrometer as described previously (23). In brief, platelet
suspensions (4.5 × 108 platelets/mL, 0.4 mL) were pre-
warmed to 37°C for 2 min, and then oxLDL (40 µg/mL) or
catalase (1000 U/mL) was added 3 min before the addition of
collagen (2 µg/mL). The reaction was allowed to proceed for
1 min, followed by the addition of 100 mM DEPMPO for the
ESR study. In addition, Fe2+ (1 µM) was preincubated with
H2O2 (10 µM) in Tyrode’s solution, followed by the addition
of 24h-oxLDL (40 and 80 µg/mL) and further incubated with
50 mM DEPMPO for the Fenton reaction. ESR spectra were
recorded on a Bruker EMX ESR spectrometer using a flat
quartz cell designed for aqueous solutions. Conditions of ESR
spectrometry were as follows: 20 mW power at 9.78 GHz, 1
G modulation, and 100 G scanning for 42 s, with 10 scans ac-
cumulated.

Statistical analysis. The experimental results are expressed
as the means ± SEM and are accompanied by the number of ob-
servations. Data were assessed using ANOVA. If this analysis
indicated significant differences among the group means, then
each group was compared using the Newman–Keuls method. A
P value <0.05 was considered statistically significant. 

RESULTS

Effect of oxLDL on platelet aggregation in human platelet
suspensions. The 12h- and 24h-oxLDL preparations were ox-
idized under identical conditions. Under these conditions, the
concentrations of 12h- and 24h-oxLDL after incubation were
50.3 ± 0.6 and 51.4 ± 1.8 nmol of MDA/mg protein, respec-
tively. The extents of aldehyde-modified lysine in 12h- and
24h-oxLDL were about 11.0 ± 1.1 and 13.1 ± 1.4, respec-
tively. In this study, we found that the 12h- and 24h-oxLDL,
but not nLDL, concentration-dependently (20–100 µg/mL)
inhibited platelet aggregation stimulated by collagen (1
µg/mL) (Figs. 1, 2) and AA (60 µM) (Fig. 3) in human plate-
let suspensions. Furthermore, both types of oxLDL inhibited
the ATP-release reaction when stimulated by agonists (i.e.,
collagen) (Fig. 1). The IC50 values of the 12h- and 24h-
oxLDL for platelet aggregation induced by collagen were es-
timated to be about 46.3 ± 1.1 and 55.2 ± 1.0 µg/mL, respec-
tively (Fig. 2). The 24h-oxLDL exhibited more potent activ-
ity than 12h-oxLDL in inhibiting platelet aggregation
stimulated by agonists. On the other hand, neither type of
oxLDL significantly inhibited thrombin (60 µM)-induced
platelet aggregation (Fig. 3). Additionally, neither 12h- nor

24h-oxLDL significantly induced spontaneous platelet aggre-
gation in the absence of agonists (data not shown). In the fol-
lowing studies, we used 24h-oxLDL as a tool to further ex-
plore the mechanisms of oxLDL in platelet aggregation. 

Effect of 24h-oxLDL on [Ca2+]i mobilization. Free cyto-
plasmic Ca2+ concentrations in human platelets were mea-
sured by the Fura 2-AM loading method. As shown in Figure
4, collagen (1 µg/mL) evoked a marked increase in [Ca2+]i
mobilization. 24h-oxLDL (40 and 80 µg/mL) concentration-
dependently inhibited the collagen-evoked increase in [Ca2+]i
by about 91 and 96%, respectively. This suggests that oxLDL
exerts an inhibitory effect on [Ca2+]i mobilization in human
platelets stimulated by collagen.
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FIG. 1. Tracing curves of oxidized LDL (oxLDL) on collagen (1 µg/mL)-
induced platelet aggregation in washed human platelets. Platelets were
preincubated with 12h- and 24h-oxLDL (40 and 80 µg/mL) for 3 min.
Collagen was then added to trigger aggregation (lower tracings) and ATP
release (upper tracings). Profiles are representative examples of five sim-
ilar experiments. ∆T(%), percent change in transmission.

FIG. 2. Concentration-inhibition curves of LDL on collagen (1 µg/mL)-
induced platelet aggregation in washed human platelets. Platelets were
preincubated with various concentrations (20–100 µg/mL) of 12h-
oxLDL (ll), 24h-oxLDL (tt), and native LDL (nLDL) (nn) for 3 min, fol-
lowed by the addition of collagen to trigger platelet aggregation. Data
are presented as a percentage of the control (means ± SEM, n = 5). For
other abbreviation see Figure 1.

                                                                 



Effect of 24h-oxLDL on TxB2 formation. As shown in
Table 1, resting platelets produced relatively little TxB2 com-
pared with collagen-activated platelets. PGE1 (10 µM) inhib-
ited TxB2 formation in collagen-activated platelets by 82%
(data not shown). Furthermore, results obtained using various
concentrations of 24h-oxLDL indicated that 24h-oxLDL
markedly inhibited TxB2 formations in platelets stimulated
by collagen (1 µg/mL). At 80 µg/mL, 24h-oxLDL almost
completely inhibited TxB2 formation (Table 1). These results
suggest that oxLDL exerts an inhibitory effect on TxA2 for-
mation.

Effect of 24h-oxLDL on cyclic AMP, cyclic GMP, and nitrate
formations in washed human platelets. The level of cyclic
AMP in unstimulated platelets was low (2.1 ± 0.5 pmol/109

platelets, n = 4). Addition of PGE1 (10 µM) increased the
cyclic AMP level to 18.9 ± 3.9 pmol/109 platelets (n = 4).
When platelet suspensions were preincubated with various con-
centrations of 24h-oxLDL (40 and 80 µg/mL) for 3 min at
37°C, we found that 24h-oxLDL increased cyclic AMP levels
to 4.9 ± 0.2 and 5.4 ± 0.8 pmol/109 platelets, respectively
(Table 2). We also performed similar studies measuring the
cyclic GMP response. The level of cyclic GMP in unstimulated
platelets was very low, but when nitroglycerin (10 µM) was
added to the platelet suspensions, the cyclic GMP level in-
creased from the resting level to 3.6 ± 0.4 pmol/109 platelet
(Table 2). However, addition of 24h-oxLDL (40 and 80 µg/mL)
resulted in no significant increase in platelet cyclic GMP levels
(0.9 ± 0.2 and 0.8 ± 0.1 pmol/109 platelets, n = 4). 

On the other hand, NO was quantified using a sensitive and
specific ozone redox–chemiluminescence detector. As shown
in Table 2, collagen (1 µg/mL) caused about a 2.6-fold rise in
nitrate formation, compared with that in resting platelets. In
the presence of 24h-oxLDL (40 and 80 µg/mL), nitrate pro-
duction did not significantly increase after incubation with
platelets for 6 min (Table 2). Furthermore, nitrate production
did not increase even after prolongation of the incubation
time to 30 min (data not shown). These results imply that the
antiplatelet activity of oxLDL may act partially through stim-
ulation of cyclic AMP formation in human platelets.

Free radical-scavenging activity of 24h-oxLDL in collagen-
activated platelets. The rate of free radical-scavenging activity
is defined by the following equation: inhibition rate = 1 – sig-
nal height (24h-oxLDL)/signal height (control) (20). In this
study, a typical ESR signal of the hydroxyl radical (OH·−) was
induced by collagen (2 µg/mL) in human platelets (Fig. 5B).
24h-oxLDL (40 µg/mL) and catalase (1000 U/mL) suppressed
hydroxyl radical formation by about 43 and 76% (n = 4), re-
spectively (Figs. 5C, 5D). On the other hand, 24h-oxLDL (40
and 80 µg/mL) also concentration-dependently inhibited the
nonenzymatic hydroxyl radical generation in the Fenton reac-
tion (H2O2 + Fe2+) by about 71 and 91% (Figs. 5F, 5G) com-
pared with the control group (Fig. 5E). This observation pro-
vides in vitro evidence of the free radical-scavenging activity
of oxLDL in both activated platelets and the Fenton reaction.
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FIG. 3. Concentration-inhibition curves of 24h-oxLDL on thrombin
(0.02 U/mL, ll)-, arachidonic acid (60 µM, tt)-, and collagen (1 µg/mL,
nn)-induced platelet aggregation in washed human platelets. Platelets
were preincubated with 24h-oxLDL (40–100 µg/mL) for 3 min. Agonists
were then added to trigger platelet aggregation. Data are presented as a
percentage of the control (means ± SEM, n = 5).

FIG. 4. Effect of 24h-oxLDL on collagen-induced intracellular Ca2+ mo-
bilization in Fura 2-AM-loaded human platelets. Platelet suspensions
were preincubated with Fura 2-AM (5 µM), followed by the addition of
collagen (1 µg/mL) in the absence or presence of 24h-oxLDL (40 and
80 µg/mL), which was added 3 min prior to the addition of collagen.
Profiles are representative examples of four similar experiments. For ab-
breviation see Figure 1.

TABLE 1
Effect of Oxidized LDL (oxLDL) on Thromboxane B2 Formation 
in Washed Human Plateletsa

Concentration Thromboxane B2
b (ng/mL)

Resting 10.8 ± 5.3
Collagen (µg/mL) 1 80.5 ± 17.2**
24h-oxLDL (µg/mL) 40 47.9 ± 11.2#

80 9.5 ± 3.0##

aPlatelet suspensions were preincubated with 24h-oxLDL (40 and 80 µg/mL)
for 3 min at 37°C and then collagen (1 µg/mL) was added to trigger throm-
boxane B2 formation. 
bData are presented as the means ± SEM (n = 4). **P < 0.01 as compared
with the resting group; #P < 0.05 and ##P < 0.01 as compared with the colla-
gen group.

                                                                                              



DISCUSSION

The principal objective of this study was to describe the in-
tracellular mechanisms involved in the inhibition of agonist-
induced human platelet aggregation by oxLDL. This in-

hibitory effect of oxLDL was demonstrable with the use of
the agonists collagen and AA but not with thrombin. The in-
hibition was directly proportional to the concentrations of
oxLDL used. In this study, both platelet aggregation and the
ATP-release reaction induced by agonists (i.e., collagen) ap-
peared to be affected by the presence of oxLDL. Therefore,
this implies that oxLDL may partially affect Ca2+ release
from intracellular Ca2+ storage sites [i.e., the dense tubular
system (DTS) or dense bodies] (Fig. 4), and this is in accord
with the concept that intracellular Ca2+ release is responsible
for the ATP-release reaction (21). 

TxA2 is an important mediator of the release reaction and
aggregation of platelets (Fig. 6) (24). Collagen-induced for-
mation of TxB2, a stable metabolite of TxA2, was concentra-
tion-dependently inhibited by oxLDL (40 and 80 µg/mL)
(Table 1). It has been demonstrated that phosphoinositide
breakdown can induce TxA2 formation via free AA release
by DG lipase or by endogenous phospholipase A2 (PLA2)
from membrane phospholipids (Fig. 6) (25). Thus, it seems
likely that TxB2 formation plays a role in mediating the in-
hibitory effect of oxLDL on human platelets.

Activation of human platelets is inhibited by two intracel-
lular pathways regulated by either cyclic AMP or cyclic GMP
(26). The importance of cyclic AMP in modulating platelet
reactivity is well established (22). In addition to inhibiting
most platelet responses, elevated levels of cyclic AMP de-
crease intracellular Ca2+ concentrations by the uptake of Ca2+

into the DTS, which negatively affects the action of protein
kinase C (Fig. 6) (26). Elevated platelet TxA2 levels report-
edly inhibited platelet membrane-associated adenylate cy-
clase, which lowers cyclic AMP levels in platelets (27). On
the other hand, signaling by cyclic GMP somehow interferes
with the agonist-stimulated phosphoinositide turnover that
creates Ca2+-mobilizing second messengers (28). In this
study, we found that oxLDL did not induce NO formation in
human platelets. This result is in accord with results of the
cyclic GMP study, because the NO being produced is biolog-
ically active, since most cellular actions of NO occur via stim-
ulation of intracellular guanylate cyclase, leading to an in-
crease in cyclic GMP (28). Therefore, the inhibitory effects
of oxLDL on collagen-induced platelet aggregation seem to
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TABLE 2
Effect of 24-h Oxidized LDL (24h-oxLDL) on Cyclic AMP, Cyclic GMP, and Nitrate Forma-
tion in Washed Human Plateletsa

Cyclic AMPb Cyclic GMPb Nitrateb

Concentration (pmol/109 platelets) (pmol/109 platelets) (µM)

Resting 2.1 ± 0.5 0.6 ± 0.1 3.2 ± 0.6
PGE1 (µM) 10 18.9 ± 3.9** — —
NTG (µM) 10 — 3.6 ± 0.4*** —
Collagen (µg/mL) 2 — — 8.3 ± 1.1**
24h-oxLDL (µg/mL) 40 4.9 ± 0.2** 0.9 ± 0.2 4.3 ± 0.2

80 5.4 ± 0.8* 0.8 ± 0.1 4.9 ± 0.7
aPlatelet suspensions were preincubated with 24h-oxLDL (40 and 80 µg/mL) at 37°C. Addition of
prostaglandin E1 (PGE1), nitroglycerin (NTG), and collagen in platelet suspensions served as positive
controls of cyclic AMP, cyclic GMP, and nitrate, respectively. 
bData are presented as the means ± SEM (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001 as com-
pared with the resting groups.

FIG. 5. ESR spectra of 24h-oxLDL in the inhibition of hydroxyl radical
(OH·−) formation in collagen-activated platelets and Fenton reaction.
Platelet suspensions (4.5 × 108 platelets/mL, 0.4 mL) were preincubated
with (A) PBS without activation (resting) or with (B) PBS, (C) 24h-oxLDL
(40 µg/mL), and (D) catalase (1000 U/mL) for 3 min; then collagen (2
µg/mL) was added to trigger platelet aggregation as described in the Ma-
terials and Methods section. Furthermore, hydroxyl radical was gener-
ated in the Fenton reaction (H2O2 + Fe2+) incubation with (E) PBS, (F)
24h-oxLDL (40 µg/mL), and (G) 24h-oxLDL (80 µg/mL) for 3 min, fol-
lowed by the addition of 50 mM DEPMPO (5-diethoxyphosphoryl-5-
methyl-1-pyrroline-N-oxide) for ESR. The reaction was allowed to pro-
ceed for 5 min, followed by the addition of DEPMPO (100 mM) for ESR
experiments. The spectrum is a representative example of four similar
experiments.

                                                          



be mediated, at least partially, by an increase in cyclic AMP
levels in human platelets. 

Modification of LDL in vitro is usually performed by in-
cubation of LDL with traces of transition metals (copper or
iron). Kalyanaraman et al. (29) showed direct evidence for
the formation of the α-tocopheroxyl radical and lipid radicals
during the oxidation of LDL using the spin trap technique.
Schneider et al. (30) also detected lipid radical formation in
the Cu2+-induced oxidation of LDL. Thus, it has been sug-
gested that the oxidation of lipid present in LDL particles pro-
ceeds via a radical mechanism (30,31). 

Lipid peroxidation is initiated by abstraction of bisallylic
hydrogen (LH) from lipids by the peroxyl radical (ROO−),
thereby generating a lipid radical (L−) and a peroxide (ROOH).
In the presence of O2, lipid peroxyl radicals (LOO−) are
formed, which stimulate lipid peroxidation (LOOH) via a chain
reaction that produces many molecules of LOOH per ROO−

(32). Thomas and Stocker (32) found that these lipid radicals
react with other radical oxidants, including the α-tocopheroxyl
radical, Cu2+, or the hydroxyl radical (OH·−), to form nonradi-
cal products (by the radical–radical termination reaction) (32).
Furthermore, reactive oxygen species act as second messen-
gers during the initial phase of platelet activation processes
(33). Mirabelli et al. (34) showed an increase in cytosolic Ca2+

concentration upon platelet exposure to oxidative stress (Fig.
6). Platelets primed by exposure to subthreshold concentrations

of AA or collagen are known to be activated by nanomolar lev-
els of hydrogen peroxide, and this effect is mediated by hy-
droxyl radicals formed in an extracellular Fenton-like reaction
(35). It is also evident that some of the hydrogen peroxide pro-
duced by platelets is converted into hydroxyl radicals, as
platelet aggregation can be inhibited by hydroxyl radical scav-
engers (36). A recent study demonstrated that collagen-induced
platelet aggregation is associated with O2

− and OH·− formation,
which is dependent on AA release and metabolism (Fig. 6)
(37). In addition, the study also found that AA, but not ADP or
thrombin, stimulates the release of O2

− and OH·− from platelets
(37). Our findings are also consistent with this observation, be-
cause the release of hydroxyl radicals by collagen-stimulated
platelets was reduced to the resting level by oxLDL (Fig. 5). 

In conclusion, the observations of this study suggest that
oxLDL inhibits collagen- and AA-induced human platelet ag-
gregation. The inhibitory effect of oxLDL may induce the
radical–radical termination reaction by the interaction of
oxLDL-derived lipid radicals with the free radicals (such as
hydroxyl radicals) released from activated platelets, with a
resultant lowering of intracellular Ca2+ mobilization, fol-
lowed by inhibition of PLA2 activation and of TxA2 forma-
tion, thereby leading to increased cyclic AMP formation, and
finally to further inhibition of [Ca2+]i mobilization and
platelet aggregation. This study provides new insights con-
cerning the effects of oxLDL on platelet aggregation.
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FIG. 6. Schematic hypothesis of the intracellular mechanisms of oxLDL on platelet aggregation.
Agonists can activate several phospholipases, including phospholipase C (PLC) and phospholi-
pase A2 (PLA2). Collagen or arachidonic acid (AA) stimulates the release of O2

− and OH·− from
platelets. oxLDL can react with O2

− and OH·− to form nonradical products (NRP). Products of
the action of PLC on phosphatidylinositol 4,5-bisphosphate (PIP2) include 1,2-DAG and inosi-
tol 1,4,5-trisphosphate (IP3). DAG stimulates protein kinase C (PKC), followed by phosphoryla-
tion of a 47-kDa protein (protein-P). IP3 induces the release of Ca2+ from dense tubular sys-
tems (DTS). The major metabolite of AA in platelets is thromboxane A2 (TxA2). Cyclic AMP,
cyclic 3′,5′-adenosine monophosphate; AC, adenylate cyclase; CAK, cyclic AMP-activated
cyclic AMP-dependent protein kinase; for other abbreviation see Figure 1. 
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ABSTRACT: Modification of milk fat both by partially replacing
saturated FA with oleic acid (18:1) and by increasing calcium in-
take independently reduces plasma cholesterol. Whether modifi-
cation of both factors together would synergistically reduce
plasma cholesterol is unknown. Seventy-two male golden Syrian
hamsters were separated into four diet treatment groups (n =
18/group) and fed ad libitum for 7 wk. Diets contained either
modified milk fat (MMF) or regular milk fat (RMF) with either
0.5% (MMF and RMF) or 1.3% calcium (w/w) (MMFC and
RMFC). All diets contained 11% test fat, 4% soybean oil, and
0.15% cholesterol (w/w). During the last week, feces were col-
lected for three consecutive days for analysis of fecal FA, choles-
terol, and calcium excretion. Overnight-fasted animals were sac-
rificed, and plasma and livers were collected for lipid analysis.
Neither MMF nor additional calcium significantly affected plasma
lipids. However, significant interactions existed between MMF
and additional calcium for the ratio of LDL cholesterol to HDL
cholesterol (LDL/HDL), indicating that increased calcium intake
reduced this ratio only in RMF animals. In addition, MMF re-
duced LDL/HDL relative to RMF. MMF significantly increased he-
patic total and esterified cholesterol. Additional calcium signifi-
cantly increased fecal calcium and saturated FA (SFA) excretion,
whereas MMF significantly reduced SFA excretion. RMFC in-
duced the highest excretion of 16:0 among all groups. Replace-
ment of SFA with 18:1 in the MMF reduced the impact of high
calcium on LDL/HDL. Additional calcium reduced LDL/HDL
only in the presence of RMF, which may be achieved through an
increased excretion of 16:0.

Paper no. L9442 in Lipids 39, 441–448 (May 2004).

A high intake of dairy products has been associated with an in-
crease in plasma total and LDL cholesterol (LDL-C) levels
(1–3). These associations are thought to be due to high concen-
trations of lauric (12:0), myristic (14:0), and palmitic acids (16:0)
in milk fat (4), which have been shown to elevate total choles-
terol and LDL-C levels in humans (5–8) and in animal models
such as the hamster (9–11) and nonhuman primates (12,13). 

Modification of milk fat by replacing hypercholesterolemic
saturated FA (SFA) with oleic (18:1) and linoleic acids (18:2)

has been shown to reduce plasma total and LDL-C levels while
maintaining HDL cholesterol (HDL-C) levels in humans
(14–17). However, findings from studies examining the effect of
replacing SFA with 18:1 alone have been inconsistent. In one
study, a butter/olive oil blend reduced total and LDL-C concen-
trations of normocholesterolemic healthy male subjects relative
to unmodified butter (3). However, another study involving
healthy male subjects with normal cholesterol levels showed that
a modified butter containing a higher concentration of 18:1 than
conventional butter had no effect on plasma total or LDL-C lev-
els (18). Therefore, the effect of replacing SFA in milk fat with
oleic acid on plasma lipids deserves further attention. This is of
importance to the food industry since the potential hypocholes-
terolemic effect of such a modification would improve mar-
ketability of dairy products high in fat content. 

Although dairy products have lipid-elevating factors, they
also contain a high amount of calcium, which has been shown
to reduce plasma total cholesterol levels in humans (19–21),
rats (22–25), rabbits (26), and pigs (27). A few studies in hu-
mans have shown that the hypocholesterolemic potential of di-
etary calcium is attributable to the lowering of LDL-C levels
(19–21). This reduction in LDL-C levels is thought to be due
to increased intestinal binding of hypercholesterolemic SFA to
calcium and the excretion of this complex as calcium soaps
(20–24). This effect is greater with diets high in SFA compared
with those high in PUFA (23,28). Therefore, the hypocholes-
terolemic potential of calcium is reduced in the presence of low
concentrations of SFA. However, neither one of these previous
studies examined the effect of calcium intake when there was
only a partial replacement of SFA by monounsaturated FA. In
addition, there are no reports regarding the impact of calcium
in the presence of varying FA profiles on lipoprotein choles-
terol levels. 

Therefore, the present study was designed to determine
whether a modified milk fat (MMF), in which SFA are partially
replaced by 18:1, would reduce plasma cholesterol levels in
hamsters. In addition, because SFA were still present in the
MMF, the present study was performed to address whether ad-
ditional calcium would improve the cholesterol reduction po-
tential of an MMF diet fed to hamsters. 

EXPERIMENTAL PROCEDURES

Animals. Seventy-two male golden Syrian hamsters (Harlan
Corp., Indianapolis, IN) were 8 wk old and weighed 98 ± 1 g
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at baseline. Hamsters were housed in polycarbonate cages (3 to
5 animals in each cage) with a 12-h light/dark cycle (lights on
at 0600h). The room temperature was maintained at 22 ± 1°C. 

Diets. Hamsters were fed AIN-93M formulated diets with
some modifications (29). All diets were commercially prepared
in pelleted form by Dyets, Inc. (Bethlehem, PA) and contained
(w/w): 20% casein, 12.5% dextrinized cornstarch, 7.5% su-
crose, 9.9% cellulose, 3.5% mineral mix, 1.0% vitamin mix,
0.18% L-cystine, 0.25% choline bitartrate, 0.0008% TBHQ,
and 0.15% cholesterol. The addition of cholesterol was neces-
sary because previous data demonstrated the importance of the
presence of dietary cholesterol for examining the impact of di-
etary FA profile on plasma cholesterol levels (30). The choles-
terol level chosen was similar to that of other previous studies
examining the effect of FA profile on plasma cholesterol levels
in hamsters (31). Table 1 presents the FA profile of the MMF
and regular milk fat (RMF) alone (columns 1 and 2) and in com-
bination with soybean oil (columns 3 and 4). The data in
columns 3 and 4 represent the final FA profile of the dietary
treatments fed to the hamsters. Milk fat modification was per-
formed by the addition of β-cyclodextrin to remove SFA and
cholesterol out of regular milk fat (32). As shown in columns 1

and 2 of Table 1, the MMF contained a lower concentration of
all SFA and a higher concentration of 18:1 than the RMF.
Therefore, the MMF diet had a higher ratio of 18:1 to SFA
(18:1/SFA) relative to RMF (Table 1). Because the method of
milk fat modification removed cholesterol as well as SFA and
we were interested only in how the MMF FA profile would in-
fluence plasma lipoprotein cholesterol levels, we added more
cholesterol to the MMF diet in order to match the cholesterol
content of the RMF diet. Both MMF and RMF made up 11%
of the total weight in each diet with the remaining 4% con-
tributed by soybean oil to provide EFA (29). Two diets con-
tained additional calcium as calcium carbonate (2% w/w) and
potassium phosphate (0.55% w/w), which replaced an equal
weight of cornstarch. The addition of calcium carbonate in-
creased the calcium content from 0.5% (w/w), as provided by
the AIN-93M mineral mix, to 1.3% (w/w). Therefore, the four
diet treatments were as follows: RMF, RMF diet with addi-
tional calcium and phosphorus (RMFC), MMF diet, and MMF
diet with additional calcium and phosphorus (MMFC). 

Procedure. After a 1-wk adaptation period, all hamsters
were separated into four treatment groups (n = 18/group) and
were fed MMFC, RMFC, MMF, or RMF throughout the entire
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TABLE 1
Mean FA Profiles of Regular Milk Fat (RMF) and Modified Milk Fat (MMF) in Fat Sources
Alone and When Combined with 4% Soybean Oil

Fat sources Fat sources + soybean oil

FA RMF MMF RMF MMF

g/100 g total FA
Butyric (4:0) 4.7 2.1 — —
Caproic (6:0) 2.4 1.2 — —
Caprylic (8:0) 1.4 0.7 — —
Capric (10:0) 2.8 1.6 — —
Lauric (12:0) 3.2 1.8 2.6 1.8

(0.8)a (0.6)
Myristic (14:0) 11.1 6.5 9.6 6.1

(3.1) (2.0)
Palmitic (16:0) 30.3 21.7 32.1 25.7

(10.4) (8.4)
Stearic (18:0) 13.2 8.8 8.1 5.8

(2.6) (1.9)
Palmitoleic (16:1) 1.9 1.8 0.7 0.5

(0.2) (0.2)
Oleic (18:1) 26.3 47.7 27.0 41.1

(8.8) (13.4)
Linoleic (18:2) 2.4 4.9 15.9 15.9

(5.2) (5.2)
Linolenic (18:3) 0.3 1.2 1.2 1.1

(0.4) (0.4)
Total SFA 69.2 44.5 52.4 39.4

(16.7) (12.9)
Total MUFA 28.2 49.5 27.7 41.6

(9.0) (13.6)
Total PUFA 2.7 6.0 17.1 17.0

(5.6) (5.6)
Unidentified — — 3.0 2.0

(1.0) (0.5)
MUFA/SFA ratio 0.5 1.3 0.5 1.1
PUFA/SFA ratio 0.05 0.15 0.3 0.4
aValues in parentheses represent percentage of energy contributed by each FA. SFA, saturated FA;
MUFA, monounsaturated FA.



study. Body weight and food intake data were recorded weekly.
After 6 wk of feeding, 12 animals per group were transferred
to metabolic cages for the collection of feces and urine for 3
consecutive days after a 1-d adaptation period. At the end of
the collection period, all animals were fasted for ~15 h, sedated
by CO2 exposure, and sacrificed by decapitation. Trunk blood
was immediately collected in a tube containing 0.15% EDTA,
vortexed, and centrifuged at 1000 × g for 20 min at 4°C. Plasma
supernatant was stored in a −20°C freezer for future assays.
Livers were harvested, immediately frozen in liquid nitrogen,
and then stored in a −70°C freezer for future analyses. This pro-
tocol was approved by the Animal Investigation Committee at
Wayne State University. 

Plasma lipoprotein cholesterol determination by fast per-
formance liquid chromatography (FPLC). Plasma total choles-
terol (Sigma kit no. 352; Sigma Chemicals, St. Louis, MO) and
TAG (Sigma kit no. 336) levels from all animals were deter-
mined. In addition, lipoprotein cholesterol levels were deter-
mined by FPLC fractions. In brief, 100 µL of plasma was in-
jected into an FPLC system. The FPLC system was equipped
with a Superose 6 HR10/30 column (Amersham Pharmacia
Biotech, Piscataway, NJ), which separated lipoprotein particles
into 0.5-mL fractions. The lipoprotein particles were eluted
with a saline solution containing sodium chloride (0.15 M),
EDTA (0.1%), sodium azide (0.1%), and phenylmethylsulfonyl
fluoride (2 mM) (adjusted to pH 7.3) at a flow rate of 0.5
mL/min. This saline solution was degassed and filtered prior to
use. Cholesterol was determined from 100 µL of each fraction
using Sigma kit no. 352. The fraction number for VLDL, LDL,
and HDL was determined by chromatographing hamster
lipoproteins, which were isolated by sequential ultracentrifuga-
tion using a Sorvall ultracentrifuge (DuPont, Wilmington,
DE). For the isolation of VLDL [density (d) < 1.006 g/mL],
500 µL of plasma was centrifuged with sodium chloride (0.15
M) in a Ti 50.4 rotor at 12°C and 121,000 × g for 18 h. The top
1 mL fraction removed was considered VLDL and was kept at
4°C until cholesterol analysis. The remaining volume was used
for LDL isolation. For separation of LDL (1.006 < d < 1.063),
sodium bromide was added to increase the density of plasma
to 1.063 g/mL and tubes were spun for 18 h at 12°C and
121,000 × g. The top 1 mL fraction was removed and dialyzed
for approximately 36 h. The remaining plasma was taken for
HDL isolation (1.063 < d < 1.21). The plasma density was in-
creased to 1.21 g/mL with sodium bromide and the plasma was
centrifuged at 12°C and 150,000 × g for 24 h. Recovered HDL
was dialyzed for approximately 48 h. 

Liver cholesterol determination. Total and unesterified cho-
lesterol contents were determined as performed by Trautwein
et al. (33). In brief, homogenized livers were extracted with
chloroform/methanol (2:1, vol/vol) and shaken in a water bath
overnight. After samples had been centrifuged, the supernatant
was evaporated under nitrogen and the remainder was then dis-
solved in chloroform. A small aliquot was dried under nitrogen
and then redissolved in isopropanol. Total cholesterol was de-
termined by using Sigma kit no. 352. Unesterified cholesterol
was analyzed by the Wako free cholesterol C kit (Wako Chem-

icals, Richmond, VA). Esterified cholesterol was determined
by subtracting unesterified cholesterol from total cholesterol.

Dietary FA determination. Lipid extractions were performed
by the method of Folch et al. (34). Lipid classes were separated
by TLC and identified using a standard containing cholesterol,
cholesteryl ester, triolein, oleic acid, and lecithin (20% w/w each;
Nu-Chek-Prep, Elysian, MN). TAG isolated from TLC were
methylated using the alkaline methanolysis method of Sun and
Horrocks (35) along with heptadecanoic acid as an internal stan-
dard (Nu-Chek-Prep). After methylation, FAME were separated
with a GC system (Hewlett-Packard 6890, Wilmington, DE)
using a 30 m, 0.25 mm i.d. StabilwaxTM column (Alltech, Deer-
field, IL). GC parameters were set as follows: split ratio, 2:1;
average velocity, 32 cm/s; flow rate, 1.5 mL/min; FID, 300°C;
front inlet temperature, 220°C; and oven temperature, initial
40°C, hold for 2 min; ramp 1, 30°C/min to 145°C, hold for 5
min; ramp 2, 1°C/min to 187°C, hold for 1 min. The following
certified FAME standards (Sigma Chemicals) were injected to
determine their retention times: lauric acid, myristic acid, myris-
toleic acid, pentadecanoic acid, pentadecenoic acid, palmitic
acid, palmitoleic acid, heptadecanoic acid, stearic acid, oleic
acid, linoleic acid, linolenic acid, and arachidic acid.

Fecal calcium. Fecal samples were dried in an oven at
100°C for 24 h and then ashed in a furnace at 600°C for 24 h.
In an acid-washed flask, ashed fecal samples were gently boiled
with 10 mL of concentrated nitric acid until almost dry. After
cooling the samples, they were boiled gently in 10 mL of 30%
hydrogen peroxide until completely dry. The dried samples
were redissolved into 50 mL of 0.01% nitric acid, and samples
were subsequently diluted 1:10 with 0.1% nitric acid and mea-
sured for calcium content with a PerkinElmer Model 5000
atomic absorption spectrophotometer (PerkinElmer, Norwalk,
CT) at a wavelength of 422.7 nm. Certified calcium standards
were obtained from Fisher Scientific (Fair Lawn, NJ).

Fecal FA. FA from collected feces were extracted according
to the method of Van de Kamer et al. (36). The samples were
then methylated with 2% sulfuric acid in methanol. After
methylation, 1 mL of potassium carbonate (6%) was added and
HPLC-grade hexane was used to extract the FAME. Extracted
samples were dried under nitrogen and then stored in a −20°C
freezer until later analysis by GC. The GC protocol used was
the same as that used for dietary FAME analysis. 

Data analysis. All statistics were performed using SPSS,
version 10.0 (Chicago, IL). Simple two-factor ANOVA models
involving the two dietary calcium levels, the two different FA
profiles, and the interaction of these two dietary factors were
performed on all plasma, liver, and fecal parameters. Signifi-
cance was set at P < 0.05. Post hoc tests were performed using
the least significant difference t-test. 

RESULTS

Plasma and liver cholesterol concentrations. All groups
weighed similarly at both baseline and sacrifice and had simi-
lar daily caloric intake throughout the study (data not shown).
At sacrifice, neither MMF nor dietary calcium level had any
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significant effect on the plasma lipid parameters measured
(Table 2). However, a significant interaction existed between
dietary fat source and calcium level for the ratio of LDL/HDL
(P < 0.05). Post hoc analysis revealed that the MMF and
RMFC groups had significantly lower ratios of LDL/HDL than
the RMF group. MMFC had similar ratios compared with the
rest of the groups. 

All groups had similar liver weights and percentages of liver
weight relative to body weight (data not shown). Hepatic cho-
lesterol data also are presented in Table 2. Overall, MMF in-
creased the concentration of total and esterified cholesterol, but
not free cholesterol. High calcium level had no significant ef-
fect on total, esterified, or free cholesterol levels. 

Fecal calcium and total FA concentrations. Fecal calcium
and lipid data are presented in Table 3. Fecal dry weight and
calcium (both concentration and total) were significantly in-
creased by additional calcium. However, MMF had no signifi-
cant effect on these parameters. Animals fed the RMFC diet
excreted significantly more feces than the MMF and RMF ani-
mals, but had similar levels compared with MMFC. The
MMFC, MMF, and RMF groups excreted similar levels. The
MMFC and RMFC groups excreted similar amounts of cal-
cium (concentration and total), and both groups excreted sig-
nificantly higher amounts than the MMF and RMF groups. Ad-
ditional calcium significantly increased FA excretion (both
concentration and total). Modification of milk fat significantly
reduced total FA excretion, but not the concentration. The

RMFC group excreted the highest level of total FA over the 3-
d collection among all groups, whereas the other three groups
excreted similar levels. The FA concentration for RMFC was
similar to that of MMFC and RMF and significantly higher
than that of MMF. The MMFC, MMF, and RMF groups all had
similar concentrations. 

Fecal FA profile. Table 4 presents data regarding the fecal
FA profile (concentration and total) over the 3-d fecal collec-
tion period. Modification of milk fat reduced total myristic acid
excretion but had no effect on the concentration. Calcium sup-
plementation had no effect on either the total amount or con-
centration of myristic acid excreted. Total myristic acid excre-
tion was significantly higher for RMFC-fed animals relative to
that of MMF, but was similar to that of MMFC and RMF.
MMF animals excreted lower total amounts compared with
RMF. The concentration of 14:0 excreted was similar for all
groups. In regards to palmitic acid excretion, modification of
milk fat reduced the concentration and total excretion of palmitic
acid. On the other hand, calcium supplementation increased the
concentration and total amount of palmitic acid excreted. Both
MMFC and RMF animals excreted significantly higher concen-
trations of 16:0 relative to MMF. RMFC animals excreted the
highest total amount of 16:0 relative to all groups. MMFC,
MMF, and RMF all excreted similar amounts of 16:0. The ham-
sters’ concentration and total excretion of stearic acid was re-
duced by modification of milk fat. However, stearic acid excre-
tion was significantly increased by calcium. RMFC hamsters
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TABLE 2
Plasma and Hepatic Lipid Concentrationsa for All Groups at Sacrifice

MMFC RMFC MMF RMF Fatb Cac Fat × Ca

Plasma
Total cholesterol (mg/dL) 183 ± 5 187 ± 5 181 ± 6 176 ± 5 0.864 0.213 0.404
TAG (mg/dL) 63.5 ± 2.0 68.5 ± 4.7 68.0 ± 1.7 75.2 ± 4.8 0.079 0.106 0.752
VLDL-C (mg/dL) 11.2 ± 2.3 13.7 ± 1.9 12.2 ± 2.0 15.7 ± 2.6 0.220 0.518 0.844
LDL-C (mg/dL) 15.0 ± 1.6 12.2 ± 1.6 14.1 ± 1.4 17.4 ± 1.7 0.879 0.224 0.082
HDL-C (mg/dL) 163 ± 9 168 ± 8 168 ± 14 147 ± 10 0.521 0.538 0.277
VLDL/HDL ratio .071 ± .016 .082 ± .013 .078 ± .014 .114 ± .034 0.229 0.317 0.530
LDL/HDL ratio .093 ± .009a,b .073 ± .010a .086 ± .009a .123 ± .024b 0.498 0.108 <0.05

Liver
Total cholesterol (mg/g) 38.1 ± 2.0a 29.1 ± 5.1b 37.5 ± 9.6a 25.9 ± 3.7b <0.001 0.317 0.487
Esterified cholesterol (mg/g) 29.2 ± 2.2a 22.3 ± 1.4b,c 27.2 ± 2.6a,b 17.0 ± 1.8c <0.001 0.091 0.441
Free cholesterol (mg/g) 9.9 ± 1.6 6.8 ± 1.8 10.4 ± 2.6 8.9 ± 2.5 0.141 0.414 0.604

aData are expressed as means ± SEM. Mean values within a row not sharing a common superscript letter are significantly different (P < 0.05).
bFat: effect of modification of milk fat.
cCa: effect of varying levels of calcium. MMFC, MMF diet with additional calcium and phosphorus; RMFC, RMF diet with additional calcium and phospho-
rus. For other abbreviations see Table 1.

TABLE 3
Fecal Calcium and FA Dataa for All Groups During the 3-d Fecal Collection Period

MMFC RMFC MMF RMF Fatb Cac Fat × Ca

Dry weight (g/3 d) 1.4 ± 0.1a,b 1.7 ± 0.1a 1.3 ± 0.1b 1.4 ± 0.1b 0.098 <0.05 0.399
Calcium (mg/g) 131 ± 4a 136 ± 3a 102 ± 3b 110 ± 3b 0.059 <0.01 0.626
Calcium (mg/3 d) 26.4 ± 1.9a 31.0 ± 1.6a 10.2 ± 1.8b 11.1 ± 1.8b 0.137 <0.001 0.304
Total FA (mg/g) 20.9 ± 1.7a,b 23.9 ± 2.3a 15.4 ± 1.5b 20.2 ± 2.1a,b 0.056 <0.05 0.658
Total FA (mg/3 d) 28.2 ± 4.2a 41.9 ± 3.8b 19.2 ± 4.0a 27.5 ± 4.4a <0.05 <0.01 0.519
aData expressed as means ± SEM. Mean values within a row not sharing a common superscript letter are significantly different (P < 0.05).
bFat: effect of modification of milk fat.
cCa: effect of varying levels of calcium. For abbreviations see Tables 1 and 2.



excreted the highest concentration and total amount of 18:0 rel-
ative to the rest of the groups. MMFC animals excreted signifi-
cantly more 18:0 (both concentration and total) relative to
MMF, but excreted similar levels relative to RMF. Both MMF-
and RMF-fed animals had similar total amounts of 18:0. How-
ever, RMF animals excreted a higher concentration of 18:0 rel-
ative to MMF and MMFC. When combining all SFA measured
(14:0, 16:0, and 18:0), the modification of milk fat reduced the
excretion of total SFA. In contrast, calcium supplementation
increased the concentration and total amount excreted. The
RMFC group excreted a significantly higher total amount rela-
tive to all groups. The concentration of total SFA excreted was
significantly increased in RMFC hamsters relative to that of
MMFC and MMF, but was similar to that of RMF. Both
MMFC- and RMF-fed animals excreted significantly more
total SFA (both concentration and total) relative to MMF.
MMFC and RMF hamsters excreted similar levels (both con-
centration and total). Neither modification of milk fat nor addi-
tional calcium significantly influenced the concentration or 3-d
excretion of 18:1. 

DISCUSSION

The present study demonstrated that modification of milk fat by
partial replacement of SFA with oleic acid (18:1) did not signifi-
cantly influence plasma lipoprotein cholesterol concentrations in
male golden Syrian hamsters. In addition, the presence of higher
levels of calcium in either MMF or RMF diets did not signifi-
cantly affect plasma lipoprotein cholesterol concentrations. 

Previous hamster studies showed that chow-based diets high
in oleic acid reduced plasma total cholesterol and LDL-C lev-
els relative to those diets higher in SFA (particularly 12:0, 14:0,
and 16:0) (9–11,30,37). This hypocholesterolemic effect of
oleic acid on plasma cholesterol levels has been shown only
when cholesterol is present in the diet (38). Therefore, to im-
prove the hypocholesterolemic potential of MMF, cholesterol
was added to the diets at a level similar to those of the above-

mentioned studies. However, these studies used chow-based
diets, which affect plasma cholesterol levels differently from
purified diets (31). More specifically, the non-HDL-C levels of
hamsters fed chow-based diets are higher than those fed puri-
fied diets. The current study used purified diets. Nevertheless,
the expected reductions in plasma total and non-HDL-C levels
by diets high in oleic acid relative to those high in SFA would
still be expected. Trautwein et al. (39) showed that plasma total
cholesterol and VLDL cholesterol levels were reduced by puri-
fied diets high in oleic acid relative to those high in palmitic
acid. Therefore, the lack of a change in plasma non-HDL-C and
total cholesterol levels in the current study suggested that the
modification to regular milk fat was not dramatic enough to
produce  any strong effect on these lipid parameters. Trautwein
et al. (39) showed that hamsters fed purified diets containing
olive oil (high in 18:1), rapeseed oil (high in 18:1), sunflower
oil (high in 18:2), or palm stearin (high in 16:0) had similar
concentrations of LDL-C. All hamsters in the study of
Trautwein et al. (39) had low levels of LDL-C, which probably
reduced the potential for any influence of dietary FA on this pa-
rameter. Similarly, hamsters in our study had low LDL-C lev-
els. Therefore, as in the study by Trautwein et al. (39), any po-
tential for MMF to reduce LDL-C levels in the current study
may have been compromised by the existing low levels of
LDL-C in these hamsters. Other studies with hamsters fed a
purified diet have reported that both total and non-HDL-C lev-
els were not influenced by diets containing olive oil relative to
those containing palm oil (high in 16:0) (40), palm stearin (high
in 16:0), butter (high in 14:0 and 16:0), or coconut oil (high in
12:0 and 14:0) (41). Therefore, the results from the current
study are consistent with other studies comparing the effect of
diets high in SFA relative to those high in 18:1 on lipoprotein
cholesterol levels.

Another factor that may have influenced the results of the
current study was that all diets contained a relatively high per-
centage of energy from linoleic acid, which was contributed by
soybean oil. The soybean oil was added at a level of 4% (w/w)
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TABLE 4
Fecal FA Concentration (mg/g) and Total Excretion (mg/3 d) for All Groups During the 3-d Fecal Collection Perioda 

MMFC RMFC MMF RMF Fatb Cac Fat × Ca

Myristic acid (14:0)
mg/g 0.80 ± 0.2 1.2 ± 0.2 0.83 ± 0.2 1.1 ± 0.2 0.077 0.773 0.800
mg/3 d 1.3 ± 0.3a,b 2.3 ± 0.5b 1.0 ± 0.2a 1.7 ± 0.4b <0.05 0.276 0.740

Palmitic acid (16:0)
mg/g 7.1 ± 0.9a 9.7 ± 0.9b 4.5 ± 0.9c 7.8 ± 1.0a,b <0.01 <0.05 0.718
mg/3 d 10.7 ± 1.8a 16.9 ± 1.8b 5.7 ± 1.9a 9.4 ± 2.2a <0.05 <0.01 0.518

Stearic acid (18:0)
mg/g 3.9 ± 0.4a 5.6 ± 0.4b 2.0 ± 0.4c 4.3 ± 0.5 a <0.001 <0.001 0.496
mg/3 d 5.9 ± 1.0a 10.7 ± 1.0b 2.5 ± 1.0c 5.7 ± 1.3a,c <0.01 <0.001 0.471

14:0 + 16:0 + 18:0
mg/g 12.1 ± 1.5a 17.2 ± 1.5b 7.4 ± 1.6c 13.4 ± 1.7a,b <0.001 <0.01 0.775
mg/3 d 18.3 ± 3.8a 29.9 ± 3.1b 9.2 ± 3.2c 17.2 ± 4.1a <0.01 <0.01 0.602

Oleic acid (18:1)
mg/g 3.3 ± 0.4 2.5 ± 0.4 2.8 ± 0.4 2.8 ± 0.5 0.335 0.879 0.336
mg/3 d 4.4 ± 0.7 3.9 ± 0.7 3.8 ± 0.7 3.3 ± 0.8 0.484 0.422 0.964

aData are expressed as means ± SEM. Mean values within a row not sharing a common superscript letter are significantly different (P < 0.05).
bFat: effect of modification of milk fat.
cCa: effect of varying levels of calcium.



to stay in line with AIN-93M dietary guidelines. In a previous
study, it was observed that normally hypercholesterolemic SFA
such as 12:0 or 16:0 had no effect on plasma cholesterol levels
of hamsters when 18:2 was in the range of 5–6% of energy
(42). Because the level of linoleic acid in the current study was
in this range (5.2%), this may have blunted the differences in
plasma cholesterol levels between MMF and RMF.

Although there were no changes in plasma cholesterol lev-
els, MMF significantly increased the concentration of hepatic
total and esterified cholesterol. The replacement of SFA (espe-
cially 16:0 and 18:0) with 18:1 has been shown in other ham-
ster studies to increase hepatic total and esterified cholesterol
levels (12,31,39,41). This is most likely due to the fact that 18:1
is a better substrate than SFA for ACAT, an enzyme that con-
verts free cholesterol to cholesteryl esters (43). Although some
of these studies indicated that an increase in hepatic cholesterol
esters is associated with reductions in plasma cholesterol levels
(31), this was not true in other studies (39,41). Therefore, the
current results are in agreement with those studies by
Trautwein et al. (39), who also used purified diets and found
that increases in hepatic cholesterol levels in hamsters fed
higher levels of 18:1 may occur independently of changes in
plasma cholesterol levels. Regarding free cholesterol levels,
MMF had no effect on this parameter, which is consistent with
results of other studies feeding hamsters with high levels of
18:1 or SFA (31, 39).

To our knowledge, the present study is the first to report the
effect of calcium intake on plasma cholesterol levels in ham-
sters. The results demonstrated that calcium at levels over two
times that in the AIN-93M formula did not significantly influ-
ence plasma total cholesterol, LDL-C, or HDL-C levels when
in the presence of either MMF or RMF. This is in contrast to
results in studies that showed that additional calcium reduced
plasma total cholesterol levels in animals such as rats (22–25),
rabbits (26), and pigs (27). Although it may be difficult to com-
pare results from the current study with those of other studies
using different animal models, the hypocholesterolemic poten-
tial of dietary calcium is not demonstrated by all animal stud-
ies and may depend on several factors. For example, this may
depend on the levels of calcium used in the experimental and
control groups. In the current study, the control diet contained
recommended levels of calcium as provided by the AIN-93M
formula (0.5% w/w), and the experimental diet contained 1.3%
(w/w). Some studies with rats (22) have observed that addi-
tional dietary calcium (1.2%) significantly reduces plasma total
cholesterol concentrations only relative to suboptimal levels
(0.08%) and not when compared with those fed more adequate
levels (0.2%). This idea was also demonstrated in a study per-
formed with rabbits, which showed that those fed 0.8 and 1.6%
calcium had similar plasma cholesterol levels, but both had sig-
nificantly lower levels than those fed <0.02% (44). Neverthe-
less, Vaskonen et al. (25) demonstrated that increasing dietary
calcium content from 0.8 to 2.1% significantly reduced plasma
total cholesterol levels in obese Zucker rats. However, LDL-C

and HDL-C were not significantly influenced, which is in
agreement with the results of the current study.

Although calcium did not have any significant impact on
plasma lipids, the current study demonstrated that high levels
of calcium increased the excretion of both 16:0 and 18:0, but
not 18:1. As reported previously, SFA are highly susceptible to
complexing with calcium and forming calcium soaps (45,46).
Nevertheless, the ability of calcium to bind SFA is dependent
on their positional distribution on the TAG molecule. The FA
in the sn-2 position are not susceptible to pancreatic lipase, are
retained on the glycerol backbone, and are not available to
complexing with calcium. In addition, Brink et al. (47) showed
that excretion of 18:0 was more pronounced in the presence of
high levels of calcium when the 18:0 was located in the sn-1
and sn-3 positions compared with when it was located in the
sn-1 and sn-2 positions. A high concentration of 16:0 in bovine
milk fat is located in the sn-1 (~47%) and sn-2 positions
(~45%) (48); the large concentration of 16:0 in sn-2 may have
compromised the ability of calcium to complex these FA. Since
16:0 is considered hypercholesterolemic, the large percentage
of 16:0 in the sn-2 position may have reduced the hypocholes-
terolemic potential of calcium.

Dietary calcium did not significantly increase hepatic total,
esterified, or free cholesterol. These results are similar to those
of others, which indicated that additional calcium intake be-
yond an adequate level did not significantly influence liver cho-
lesterol concentrations in rats fed beef tallow (22), cocoa but-
ter, or corn oil (23), and rabbits fed beef tallow (26). There was
a tendency for increased calcium intake to increase the concen-
tration of esterified cholesterol (P = 0.091). This shift in esteri-
fied cholesterol concentration by calcium reduced the differ-
ences between the RMF and MMF groups.

The current study is the first (to our knowledge) that has re-
ported the effect of additional calcium on lipoprotein choles-
terol levels in the presence of varying FA profiles. Although
plasma lipoprotein cholesterol levels were not significantly in-
fluenced by any of the dietary manipulations, a significant in-
teraction existed between calcium level and fat modification
for the LDL/HDL ratio. The results indicated that increased di-
etary calcium significantly reduced this ratio in the presence of
the RMF diet, but not in the presence of MMF. In addition, the
results indicated that MMF reduced this ratio relative to RMF,
but that MMFC did not further reduce this ratio. The effect of
calcium intake on the LDL/HDL ratio may be partially explained
by its ability to increase the excretion of SFA. As indicated
above, calcium significantly enhanced SFA excretion in both
diets. However, the excretion of 16:0 and 18:0 (both concentra-
tion and total excretion) was significantly higher in animals fed
RMFC relative to those fed MMFC. This was most likely ex-
plained by the higher availability of these FA in the RMF diet
compared with the MMF diet. The reduced concentration of SFA
in the MMF diet may explain why additional calcium in this diet
did not further reduce the LDL/HDL ratio. A previous study in
young, healthy male subjects fed diets containing high or low
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levels of calcium in the presence of either palm oil (high in
16:0) or safflower oil (high in 18:2) showed that calcium sig-
nificantly increased excretion of SFA and reduced plasma total
cholesterol levels of subjects consuming palm oil, but did not
significantly affect the excretion of SFA and levels of plasma
total cholesterol in subjects consuming safflower oil (28). An-
other study performed in rats indicated that additional calcium
increased the excretion of SFA and reduced plasma total choles-
terol levels in the presence of cocoa butter (high in 18:0) com-
pared with a cocoa butter and corn oil combination (high in 18:2)
(23). Although these previous studies assessed only total choles-
terol and not lipoprotein cholesterol concentrations, they do em-
phasize the importance of the FA profile and may help to explain
the results in the current study. 

In conclusion, neither modification of milk fat via partial re-
placement of SFA with 18:1 nor addition of calcium at over two
times the level of the AIN-93M formula had a significant impact
on plasma lipoprotein cholesterol levels. However, there were
reductions in the ratio of LDL/HDL when calcium was fed in
the presence of the RMF. This may be important because the
ratio of LDL/HDL has been shown to be an important predic-
tor for coronary heart disease risk and may actually be a better
predictor than LDL-C levels alone (49). The MMF diet also re-
duced the ratio of LDL/HDL relative to RMF, but additional
calcium produced no further reductions. Therefore, the in-
creased excretion of palmitic acid when additional calcium was
added to the RMF diet relative to addition to the MMF diet may
offset the adverse influence of a high intake of SFA on this
ratio. This may explain why increased consumption of full-fat,
calcium-rich dairy products is not associated with elevation of
plasma total cholesterol and LDL-C and the ratio of LDL/HDL
in humans (50). On the other hand, when subjects increase their
intake of dairy products low in calcium (i.e., butter), plasma
LDL-C concentrations are elevated (3). As a consequence of
the beneficial effect of calcium supplementation on the ratio of
LDL/HDL in a recent 12-mon study involving postmenopausal
women (51) and data from the current study, future studies
evaluating the effect of the dietary FA profiles and varying lev-
els of calcium on plasma lipoprotein cholesterol levels in hu-
mans may be warranted.

ACKNOWLEDGMENTS

Both MMF and RMF were provided by Aziz Awad from Michigan
State University. Michael Pellizzon was supported by a Dissertation
Fellowship provided by the Graduate School of Wayne State Uni-
versity. 

REFERENCES

1. Kris-Etherton, P.M., Derr, J., Mitchell, D.C., Mustad, V.A.,
Russel, M.E., McDonnell, E.T., Salabsky, D., and Pearson, T.A.
(1993) The Role of Fatty Acid Saturation on Plasma Lipids,
Lipoproteins, and Apolipoproteins: I. Effects of Whole Food
Diets High in Cocoa Butter, Olive Oil, Soybean Oil, Dairy But-
ter, and Milk Chocolate on the Plasma Lipids of Young Men,
Metabolism 42, 121–129.

2. Baudet, M.F., Lasserre, D., Esteva, O., and Jacotot, B. (1984)

Modification in the Composition and Metabolic Properties of
Human Low Density and High Density Lipoproteins by Differ-
ent Dietary Fats, J. Lipid Res. 25, 456–468.

3. Wood, R., Kubena, K., O’Brien, B., Tseng, S., and Martin, G.
(1993). Effect of Butter, Mono- and Polyunsaturated Fatty Acid-
Enriched Butter, trans Fatty Acid Margarine, and Zero trans
Fatty Acid Margarine on Serum Lipids and Lipoproteins in
Healthy Men, J. Lipid Res. 34, 1–11.

4. Posati, L.P., and Orr, M.L. (1976) Composition of Foods, Dairy
and Egg Products, Agriculture Handbook 8-1, Agricultural Re-
search Service, USDA, U.S. Government Printing Office,
Washington, DC.

5. Mensink, R.P., and Katan, M.B. (1992) Effect of Dietary Fatty
Acids on Serum Lipids and Lipoproteins. A Meta-analysis of 27
Trials, Arterioscler. and Thromb. 12, 911–919.

6. Yu, S., Derr, J., Etherton, T.D., and Kris-Etherton, P.M. (1995)
Plasma Cholesterol-Predictive Equations Demonstrate That
Stearic Acid Is Neutral and Monounsaturated Fatty Acids Are
Hypocholesterolemic, Am. J. Clin. Nutr. 61, 1129–1139.

7. Hegsted, D.M., Ausman, L.M., Johnson, J.A., and Dallal, G.E.
(1993) Dietary Fat and Serum Lipids: An Evaluation of the Ex-
perimental Data, Am. J. Clin. Nutr. 57, 875–883.

8. Hegsted, D.M., McGandy, R.B., Myers, M.L. and Stare, F.J.
(1965) Quantitative Effects of Dietary Fat on Serum Cholesterol
in Man, Am. J. Clin. Nutr. 17, 281–295.

9. Bennett, A.J., Billett, M.A., Salter, A.M., Mangiapane, E.H.,
Bruce, J.S., Anderton, K.L., Marenah, C.B., Lawson, N., and
White, D.A. (1995) Modulation of Hepatic Apolipoprotein B,
3-Hydroxy-3-methylglutaryl-CoA Reductase and Low-Density
Lipoprotein Receptor mRNA and Plasma Lipoprotein Concen-
trations by Defined Dietary Fats, Biochem J. 311, 167–173.

10. Kurushima, H., Hayashi, K., Shingu, T., Kuga, Y., Ohtani, H.,
Okura, Y., Tanaka, K., Yasunobu, Y., Nomura, K., and Ka-
jiyama, G. (1995) Opposite Effects on Cholesterol Metabolism
and Their Mechanisms Induced by Dietary Oleic Acid and
Palmitic Acid in Hamsters, Biochim. Biophys. Acta 1258,
251–256.

11. Sessions, V.A., and Salter, A.M. (1994) The Effects of Differ-
ent Dietary Fats and Cholesterol on Serum Lipoprotein Concen-
trations in Hamsters, Biochim. Biophysi. Acta 1211, 207–214.

12. Rudel, L.L., Haines, J.L., and Sawyer, J.K. (1990) Effects on
Plasma Lipoproteins of Monounsaturated, Saturated, and
Polyunsaturated Fatty Acids in the Diet of African Green Mon-
keys, J. Lipid. Res. 31, 1873–1882.

13. Hayes, K.C., Pronczuk, A., Lindsey, S., and Diersen-Schade, D.
(1991) Dietary Saturated Fatty Acids (12:0, 14:0, 16:0) Differ
in Their Impact on Plasma Cholesterol and Lipoproteins in Non-
human Primates, Am. J. Clin. Nutr. 53, 491–498.

14. Labat, J.B., Martini, M.C., Carr, T.P., Elhard, B.M., Olson,
B.A., Bergmann, S.D., Slavin, J.L., Hayes, K.C., and Hassel,
C.A. (1997) Cholesterol-Lowering Effects of Modified Animal
Fats to Postmenopausal Women, J. Am. Coll. Nutr. 16, 570–577.

15. Noakes, M., Nestel, P.J., and Clifton, P.M. (1996) Modifying
the Fatty Acid Profile of Dairy Products Through Feedlot Tech-
nology Lowers Plasma Cholesterol of Humans Consuming the
Products, Am. J. Clin. Nutr. 63, 42–46.

16. Estevez-Gonzalez, M.D., Saavedra-Santana, P., and Betancor-
Leon, P. (1998) Reduction of Serum Cholesterol and Low-Den-
sity Lipoprotein Cholesterol Levels in a Juvenile Population
After Isocaloric Substitution of Whole Milk with a Milk Prepa-
ration (skimmed milk enriched with oleic acid), J. Pediatr. 132,
85–89.

17. Davis, P.A., Platon, J.-F., Gershwin, M.E., Halpern, G.M.,
Keen, C.L., DiPaolo, D., Alexander, J., and Ziboh, V.A. (1993)
A Linoleate-Enriched Cheese Product Reduces Low-Density
Lipoprotein in Moderately Hypercholesterolemic Adults, Ann.
Intern. Med. 119, 555–559.

EFFECT OF FAT AND CALCIUM ON CHOLESTEROL LEVELS 447

Lipids, Vol. 39, no. 5 (2004)

 



18. Tholstrup, T., Sandstrom, B., Hermansen, J.E, and Holmer, G.
(1998) Effect of Modified Dairy Fat on Postprandial and Fast-
ing Plasma Lipids and Lipoproteins in Healthy Young Men,
Lipids 33, 11–21.

19. Bell, L., Halstenson, C.E., Halstenson, C.J., Macres, M., and
Keane, W.F. (1992) Cholesterol-Lowering Effects of Calcium
Carbonate in Patients with Mild to Moderate Hypercholes-
terolemia, Arch. Intern. Med. 152, 2441–2444.

20. Denke, M.A., Fox, M.M., and Schulte, M.C. (1993) Short-Term
Dietary Calcium Fortification Increases Fecal Saturated Fat
Content and Reduces Serum Lipids in Men, J. Nutr. 123,
1047–1053.

21. Shahkhalili, Y., Murset, C., Meirim, I., Duruz, E., Guinchard,
S., Cavadini, C., and Acheson, K. (2001) Calcium Supplemen-
tation of Chocolate: Effect on Cocoa Butter Digestibility and
Blood Lipids in Humans, Am. J. Clin. Nutr. 73, 246–252.

22. Fleischman, A.I., Yacowitz, H., Hayton, T., and Bierenbaum,
M.L. (1966) Effects of Dietary Calcium upon Lipid Metabolism
in Mature Male Rats Fed Beef Tallow, J. Nutr. 88, 255–260.

23. Yacowitz, H., Fleischman, A.I., Amsden, R.T., and Bierenbaum,
M.L. (1967) Effects of Dietary Calcium upon Lipid Metabolism
in Rats Fed Saturated or Unsaturated Fat, J. Nutr. 92, 389–392.

24. Fleischman, A.I., Yacowitz, H., Hayton, T., and Bierenbaum,
M.L. (1967) Long-Term Studies on the Hypolipiemic Effect of
Dietary Calcium in Mature Male Rats Fed Cocoa Butter, J. Nutr.
91, 151–157.

25. Vaskonen, T., Mervaala, E., Sumuvuori, V., Seppanen-Laakso,
T., and Karppanen, H. (2002) Effects of Calcium and Plant
Sterols on Serum Lipids in Obese Zucker Rats on a Low-Fat
Diet, Br. J. Nutr. 87, 239–245.

26. Dougherty, R.M., and Iacono, J.M. (1979) Effects of Dietary
Calcium on Blood and Tissue Lipids, Tissue Phospholipids, Cal-
cium and Magnesium Levels in Rabbits Fed Diets Containing
Beef Tallow, J. Nutr. 109, 1934–1945.

27. De Rodas, B.Z., Gilliland, S.E., and Maxwell, C.V. (1996)
Hypocholesterolemic Action of Lactobacillus acidophilus
ATCC 43121 and Calcium in Swine with Hypercholesterolemia
Induced by Diet, J. Dairy Sci. 79, 2121–2128.

28. Bhattacharyya, A.K., Thera, C., Anderson, J.T., Grande, F., and
Keys, A. (1969) Dietary Calcium and Fat: Effect on Serum
Lipids and Fecal Excretion of Cholesterol and Its Degradation
Products in Man, Am. J. Clin. Nutr. 22, 1161–1174.

29. Reeves, P.G., Nielsen, F., and Fahey, G.C., Jr. (1993) AIN-93
Purified Diets for Laboratory Rodents: Final Report of the
American Institute of Nutrition Ad Hoc Writing Committee on
the Reformulation of the AIN-76A Rodent Diet, J. Nutr. 123,
1939–1951.

30. Spady, D.K., and Dietschy, J.M. (1988) Interaction of Dietary
Cholesterol and Triglycerides in the Regulation of Hepatic Low
Density Lipoprotein Transport in the Hamster, J. Clin. Invest.
81, 300–309.

31. Nicolosi, R.J., Wilson, T.A., Lawton, C., Rogers, E.J., Wise-
man, S.A., Tijburg, L.B.M., and Kritchevsky, D. (1998) The
Greater Atherogenicity of Non-purified Diets Versus Semipuri-
fied Diets in Hamsters Is Mediated via Differences in Plasma
Lipoprotein Cholesterol Distribution, LDL Oxidative Suscepti-
bility, and Plasma α-Tocopherol Concentration, J. Nutr.
Biochem. 9, 591–597.

32. Awad, A.C., and Gray, J.I. (2000) Methods to Reduce Free Fatty
Acids and Cholesterol in Anhydrous Animal Fat, U.S. Patent
No. 6,129,945.

33. Trautwein, E.A., Liang, J., and Hayes, K.C. (1993) Plasma
Lipoproteins, Biliary Lipids and Bile Acid Profile Differ in Var-
ious Strains of Syrian Hamsters Mesocricetus auratus, Comp.
Biochem. Physiol. Comp. Physiol. 104A, 829–835. 

34. Folch, J., Lees, M., and Sloane Stanley, G.H. (1957) A Simple
Method for the Isolation and Purification of Total Lipids from
Animal Tissues, J. Biol. Chem. 226, 497–509.

35. Sun, G., and Horrocks, L.A. (1967) The Fatty Acid and Alde-
hyde Composition of the Major Phospholipids of Mouse Brain,
Lipids 3, 79–83.

36. van de Kamer, J.H., ten Bokkel Huinink, H., and Weyers, H.A.
(1949) Rapid Method for the Determination of Fat in Feces, J.
Biol. Chem. 177, 347–355.

37. Salter, A., Mangiapane, E., Bennett, A.J, Bruce, J.S, Billett,
M.A., Anderton, K.L., Marenah, C.B., Lawson, N., and White,
D.A. (1998) The Effect of Different Dietary Fatty Acids on
Lipoprotein Metabolism: Concentration-Dependent Effects of
Diets Enriched in Oleic, Myristic, Palmitic and Stearic Acids,
Br. J. Nutr. 79, 195–202.

38. Kris-Etherton, P.M., Dietschy, J. (1997) Design Criteria for
Studies Examining Individual Fatty Acid Effects on Cardiovas-
cular Disease Risk Factors: Human and Animal Studies, Am. J.
Clin. Nutr. 65(5 Suppl.), 1590S–1596S.

39. Trautwein, E.A., Rieckhoff, D., Kunath-Rau, A., and Erbers-
dobler, H.F. (1999) Replacing Saturated Fat with PUFA-rich
(sunflower oil) or MUFA-rich (rapeseed, olive and high-oleic
sunflower oil) Fats Resulted in Comparable Hypocholes-
terolemic Effects in Cholesterol-Fed Hamsters, Ann. Nutr.
Metab. 43, 159–172.

40. Terpstra, A.H., van den Berg, P., Jansen, H., Beynen, A.C., and
van Tol, A. (2000) Decreasing Dietary Fat Saturation Lowers
HDL-Cholesterol and Increases Hepatic HDL Binding in Ham-
sters, Brit. J. Nutr. 83, 151–159.

41. Trautwein, E.A., Kunath-Rau, A., Dietrich, J., Drusch, S., and
Erbersdobler, H.F. (1997) Effect of Dietary Fats Rich in Lauric,
Myristic, Palmitic, Oleic or Linoleic Acid on Plasma, Hepatic
and Biliary Lipids in Cholesterol-Fed Hamsters, Br. J. Nutr. 77,
605–620.

42. Hayes, K.C., and Khosla, P. (1992) Dietary Fatty Acid Thresh-
olds and Cholesterolemia, FASEB J 6, 2600–2607.

43. Goodman, D.S., Deykin, D., and Shiratori, T. (1964) The For-
mation of Cholesterol Esters with Rat Liver Enzymes, J. Biol.
Chem. 239, 1335–1345.

44. Iacono, J.M. (1974) Effect of Varying the Dietary Level of Cal-
cium on Plasma and Tissue Lipids of Rabbits, J. Nutr. 104,
1165–1171.

45. Carroll, K.K., and Richards, J.F. (1957) Factors Affecting Di-
gestability of Fatty Acids in the Rat, J. Nutr. 64, 411–424.

46. Ockner, R.K., Pittman, J.P., and Yager, J.L. (1972) Differences
in the Intestinal Absorption of Saturated and Unsaturated Long
Chain Fatty Acids, Gastroenterology 62, 981–992.

47. Brink, E.J., Haddeman, E., de Fouw, N.J., and Weststrate, J.A.
(1995) Positional Distribution of Stearic Acid and Oleic Acid in
a Triacylglycerol and Dietary Calcium Concentration Deter-
mines the Apparent Absorption of These Fatty Acids in Rats, J.
Nutr. 125, 2379–2387.

48. Jensen, R.G., Ferris, A.M., and Lammi-Keefe, C.J. (1991) Sym-
posium: Milk Fat-Composition, Function and Potential for
Change: The Composition of Milk Fat, J. Dairy Sci. 74,
3228–3243.

49. Kinosian, B., Glick, H., Preiss, L., and Puder, K.L. (1995) Cho-
lesterol and Coronary Heart Disease: Predicting Risks in Men
by Changes in Levels and Ratios, J. Investig. Med. 43, 443–450.

50. Steinmetz, K.A., Childs, M.T., Stimson, C., Kushi, L.H., Mc-
Govern, P.G., Potter, J.D., and Yamanaka, W.K. (1994) Effect
of Consumption of Whole Milk and Skim Milk on Blood Lipid
Profiles in Healthy Men, Am. J. Clin. Nutr. 59, 612–618.

51. Reid, I.R., Mason, B., Horne, A., Ames, R., Clearwater, J.,
Bava, U., Orr-Walker, B., Wu, F., Evans, M.C., and Gamble,
G.D. (2003) Effects of Calcium Supplementation on Serum
Lipid Concentrations in Normal Older Women: A Randomized
Controlled Trial, Am. J. Med. 112, 343–347.

[Received January 27, 2004; accepted July 6, 2004]

448 M. PELLIZZON ET AL.

Lipids, Vol. 39, no. 5 (2004)

 



ABSTRACT: The influence of dietary TAG source (fish oil, tri-
olein, and coconut oil) and level (7.5 and 15% of the diet) on
growth, lipase activity, and mRNA level was studied in sea bass
larvae, from mouth opening until day 24 and from day 37 to 52.
Fish oil and triolein induced better growth in both experiments,
this being significant at a higher dietary level. Coconut oil sig-
nificantly decreased growth at the higher level, possibly as the
result of an excessive supply of medium-chain TAG. Growth
was not related to lipase specific activity, suggesting a produc-
tion in excess to dietary needs. Body lipid content was posi-
tively related to dietary lipid level and was affected by lipid
quality. In addition, larval FA composition generally reflected
that of the diet. The source of dietary lipid, but not the quantity,
was shown to affect lipase activity significantly. Coconut oil
diets induced the highest lipase activity, whereas the effect of
fish oil was age dependent—it was similar to coconut oil at day
24 but induced the lowest lipase activity in 52-d-old larvae. The
differential lipase response was probably caused by differences
in the FA composition of the diet, related to the specificity of li-
pase toward FA differing in chain length and degree of satura-
tion. No significant differences were found in lipase/glyceralde-
hyde-3-phosphate dehydrogenase mRNA, which suggests the
existence of a posttranscriptional regulation mechanism. 

Paper no. L9445 in Lipids 39, 449–458 (May 2004).

In spite of the considerable progress achieved in marine lar-
val nutrition in the last decades, larval rearing of many com-
mercially important marine species is still far from optimal.
Marine larval rearing is mostly dependent on the production
of live feeds and on the manipulation of their nutritional pro-
file, although relatively good results have been achieved re-
cently with the exclusive use of inert diets (1). Some of the
earlier studies conducted with fish larvae associated the sim-
ple morphological structure of the digestive system with a
low production of proteolytic enzymes and explained the fail-
ure of rearing fish larvae with formulated diets by a lower di-
gestion efficiency (e.g., 2,3). Nonetheless, in general, mea-
surements of the digestive enzyme content of larvae reveal
significant levels of pancreatic and intestinal enzymes (4–6).
Therefore, the problems encountered in rearing marine larvae

on formulated diets may be more a question of an inadequacy
of the diet composition and physical properties in relation to
the digestive characteristics of the larval stages, leading to an
inadequate stimulation of enzyme release, rather than a low
digestive capacity (5,7). 

Relatively few studies have examined the influence of di-
etary composition on the regulation of gastrointestinal tract
function and development in fish, even though diet quality ap-
pears to have a direct effect on the onset of the maturation
processes of the digestive tract (5,8,9). Studies looking at the
quantitative lipid requirements of marine fish larvae have de-
scribed a stimulation of the lipolytic activities of pancreatic
lipase and phospholipase A2 by an increase in their substrate
level in the diet (8). However, the quality of the dietary lipid
source is also an important parameter and has been little in-
vestigated. TAG are generally the quantitatively most impor-
tant lipid class in fish diets, and their physical nature, namely,
the carbon chain length and the degree of saturation of their
FA, has been shown to affect digestion and absorption
(10–13). Having this in mind, the present study was con-
ducted to study the effect of dietary TAG quality and quantity
in larval development and lipase expression in European sea
bass (Dicentrarchus labrax L.). 

MATERIALS AND METHODS

Rearing and experimental diets. Eggs of European sea bass
(D. labrax L.) were obtained from the marine hatchery of
Aquanord (Gravelines, France). Two experiments were con-
ducted at IFREMER–Station de Brest, using the same batch
of eggs (January 2003), and in both larvae were fed only for-
mulated diets from mouth opening (day 5). The first experi-
ment was carried out from day 5 until day 24. Rearing of the
experimental animals was conducted in 18 black cylindrical-
conical tanks (35 L). Initial stocking density in the first ex-
periment was 80 larvae/L. The tanks were supplied with run-
ning filtered and thermoregulated seawater (sand filter, tung-
sten heater, degassing column, UV lamp, and, finally, 10 µm
cartridge filter). The temperature was regulated at 14°C for
the 5-d-old larvae and gradually increased during 4 d, finally
being stabilized at 18–19°C. Salinity was lowered from
35–38 to 25 ppL at day 5. Light intensity was progressively
increased until reaching full light at day 16, with a maximum
intensity of 9 W/m2 at the water surface. The oxygen level
was maintained above 6 mg/L by setting the water exchange
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to 30% per hour (0.18 L/min). The second experiment lasted
from day 37 (average wet weight = 35.4 mg) to day 52. Dur-
ing the first 36 days larvae were reared in the same conditions
as in the first experiment, except for the diet fed (Gemma
Micro 150, followed by Gemma Micro 300; Trouw, Fontaine-
les-vervins, France). Larvae were stocked in the experimental
tanks on day 36 at a density of 19 larvae/L.

Six microparticulate diets were formulated to contain three
different neutral lipid sources, differing in the carbon chain
length and degree of saturation of their FA—fish oil (cod liver
oil), purified (>99%) triolein (a TAG composed of a glycerol
backbone and three 18:1n-9 acids), and coconut oil—at two
inclusion levels (7.5 and 15%), and were designated as F7.5,
T7.5, C7.5, F15, T15 and C15 (Table 1). The two lipid levels
were achieved by balancing the level of carbohydrate
(starch), while protein was maintained constant. The dietary
ingredients were mechanically mixed with 10% water using a
Hobart mixer (Bernstein Schaltsysteme, Offenberg, Ger-
many), pelleted, and dried at 60°C for 30 min. The pellets
were ground and sieved to obtain particles of size <400 µm.
Fish were continuously fed in excess (2 g/d/tank on days
6–10, 4 g/d/tank until day 15, 6 g/d/tank until day 25, and 8

g/d/tank from day 26 onward) with belt feeders, during 18 h
per day. Food ingestion was monitored by observing the lar-
val digestive tract under a binocular microscope, and diet ac-
ceptability was found to be good from the start of feeding.
Each diet was tested in triplicate randomized tanks. 

Sampling. All sampling procedures were conducted in the
morning, after cleaning the tanks and before food distribu-
tion, to ensure that larvae had an empty digestive tract. To
monitor growth, 15 larvae were removed weekly from each
tank in the first experiment (days 11, 18, and 24) and at the
start and end of the second experiment, rinsed in fresh water,
and immediately weighed. Survival was only determined at
the end of the second experiment by individually counting the
larvae (individuals removed during sampling were added to
the number of surviving animals). For the biochemical assays
larvae were collected straight into ice, without rinsing in fresh
water. Collection of larvae for lipase activity assays was con-
ducted on day 18 (n = 100 larvae per tank) and day 24 (n vari-
able—all surviving larvae) in the first experiment, and at the
end of the second experiment (day 52, n = 12 larvae per tank).
Larvae were immediately stored at −80°C, pending dissection
of the pancreatic segment and assays. In the first experiment
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TABLE 1
Experimental Diet Formulation and Proximate Compositiona

F7.5 T7.5 C7.5 F15 T15 C15

Diet ingredients (g/kg dry diet)
Constant ingredients

Fish mealb 540 540 540 540 540 540
Hydrolyzed fish mealc 130 130 130 130 130 130
Soybean lecithind 50 50 50 50 50 50
Vitamin mixturee 80 80 80 80 80 80
Mineral mixturef 40 40 40 40 40 40
Betaineg 10 10 10 10 10 10

Variable ingredients
Fish oil (cod liver oil)h 75 0 0 150 0 0
Triolein (purified)i 0 75 0 0 150 0
Coconut oilj 0 0 75 0 0 150
Starchk 75 75 75 0 0 0

Proximate composition 
Dry matter (DM, %) 97.8 ± 0.0 97.6 ± 0.0 97.6 ± 0.1 97.1 ± 0.0 97.4 ± 0.2 97.5 ± 0.0
Protein (N × 6.25) (% DM) 58.3 ± 0.2 58.7 ± 0.4 58.8 ± 0.2 58.5 ± 0.0 57.7 ± 0.0 58.4 ± 0.4
Lipid (% DM) 17.0 ± 0.6 16.9 ± 0.7 16.0 ± 0.1 24.2 ± 0.5 24.4 ± 0.6 23.9 ± 0.7
Ash (% DM) 12.0 ± 0.1 12.0 ± 0.0 12.2 ± 0.1 12.0 ± 0.0 13.5 ± 0.1 12.0 ± 0.0
Protein energy/lipid energyl 1.5 1.5 1.6 1.1 1.0 1.1

aValues are means ± SD (n = 2). DM, dry matter.
bLa Lorientaise, Sopropêche, Lorient, France.
cCPSP 90, Sopropêche, Boulogne sur mer, France. 
dLouis François, St. Maur, France. 
eComposé Vitaminique 762, INRA, Jouy-en-Josas, France. Per kg of vitamin mix: retinyl acetate, 1 g; cholecalciferol, 2.5 mg; all-rac-α-tocopherol acetate,
10 g; menadione, 1 g; thiamin, 1 g; riboflavin, 0.4 g; D-calcium pantothenate, 2 g; pyridoxine HCl, 0.3 g; cyanocobalamin, 1 g; niacin, 1 g; choline chlo-
ride, 200 g; ascorbic acid, 20 g; folic acid, 0.1 g; biotine, 1 g; meso-inositol, 30 g.
fComposé Minéral 763, INRA, Jouy-en-Josas, France. Per kg of mineral mix: KCl, 90 g; KI, 40 mg; CaHPO4·2H2O, 500 g; NaCl, 40 g; CuSO4·5H2O, 3 g;
ZnSO4·7H2O, 4 g; CoSO4·7H2O, 20 mg; FeSO4·7H2O, 20 g; MnSO4·H2O, 3 g; CaCO3, 215 g; MgSO4·7H2O, 124 g; NaF, 1 g.
gBetaine (min. 99%), Sigma, France.
hLa Lorientaise, Sopropêche, Lorient, France (14:0, 6.3%; 15:0, 1.0%; 16:0, 14.0%; 16:1, 6.0%; 18:0, 1.7%; 18:1, 16.7%; 18:2, 2.0%; 18:3, 1.2%; 18:4,
3.0%; 20:1, 11.3%; 20:5, 9.8%; 22:1, 12.4%; 22:5, 0.6%; 22:6, 8.0%).
iVWR Prolabo, Fontenay-sous-Bois, France. C57H104O6; d. 0.91; M = 885.46 g/mol. 
jCoconut Oil Supreme™, Mid-American Marketing Corp., Eaton, Ohio (8:0, 8.86%; 10:0, 6.17%; 12:0, 48.83%; 14:0, 19.97%; 16:0, 7.84%; 18:0, 3.06%;
18:2, 0.76%; 18:1, 4.44%; 20:0, 0.05%). 
kPregelatinised Starch, Pregeflo® P100, Roquette, Lille, France.
lCalculated as: lipid × 37.7 J kg−1; protein × 16.7 J kg−1.



whole larvae were assayed. Larvae were also collected for
mRNA quantification but, in this case, total RNA extraction
(of whole larvae in the first experiment and of dissected pan-
creatic segments in the second) was carried out immediately.
This was performed on day 16 (n variable—approximately
250–300 mg wet weight) in the first experiment and on day
51 (n = 5 larvae per tank) in the second experiment. Dissec-
tions were performed on a glass maintained on ice; a segment
containing the pancreatic section was cut from just behind the
head to the middle of the digestive tract. Samples for bio-
chemical composition and FA analysis were also collected at
the start (day 36; n = 100 larvae per triplicate) and at the end
(day 52; n = 60 larvae per tank) of the second experiment.
Larvae were immediately stored at −20°C until analysis. 

Proximate composition and FA analysis. The diets were
ground, and whole larvae (day 36 and 52) were ground frozen,
freeze-dried, and homogenized before analysis. Duplicate
aliquots were analyzed for dry matter (DM) after desiccation
in an oven (105°C, 24 h) and ash (incineration at 550°C, 12
h), following standard laboratory procedures (14). Total pro-
tein content was determined according to Dumas (15) (N ×
6.25) in a Nitrogen Analyzer NA2000 (Fison instrument),
using DL-methionine as an internal standard. Total lipid was
extracted using the method of Folch et al. (16), with chloro-
form being replaced by dichloromethane. Total FA were
saponified by a 2 M KOH/methanol solution and then esteri-
fied in a 0.7 M HCl/methanol solution. FAME were separated
by GC in a PerkinElmer Auto-system with a FID, BPX 70 cap-
illary column (25 m × 0.22 mm i.d. × 0.25 µm film thickness;
SGE, Melbourne, Australia), split-splitless injector, with he-
lium as carrier gas. The injector and detector temperatures
were 220 and 260°C, respectively. Initial temperature of the
oven was 50°C, increased to 180°C by increments of
15°C/min, maintained for 5 min, and finally increased to
220°C by increments of 3°C/min. Data acquisition and han-
dling were carried out by connecting the gas chromatograph
to a PE Nelson computer. The individual FAME were identi-
fied by comparing the retention time of standard methyl ester
mixtures—68A (Interchim, Montluçon, France), ME64 (Laro-
dan, Malmo, Sweden), AOCS no. 5 (Sigma, St. Louis, MO);
and the results of individual FA are expressed as percentages
of total identified FAME. Proximate composition of the diets
and larvae is shown in Tables 1 and 3, respectively, while the
FA composition of the experimental diets and larvae can be
seen in Table 2.

Lipase enzymatic determination. Pancreatic segments
were homogenized in 1.5 mL (first experiment) or 3 mL (sec-
ond experiment) of cold (4°C) distilled water. Lipase activity
was assayed according to a spectrophotometric method
slightly modified from Iijima et al. (17), using as substrate p-
nitrophenyl myristate (Sigma) dissolved in 65.8 mM DMSO
(Merck-Schuchardt; Hohenbrunn, Germany), as this was
found to aid substrate solubilization. Protein was determined
according to Bradford (18), and enzymatic activity was ex-
pressed as specific activity, U/mg protein (U = µmol of sub-
strate hydrolyzed per min at 30°C). 

mRNA quantification. Lipase mRNA was quantified
through reverse transcriptase–PCR analysis. Total RNA ex-
traction was performed using TRIzol® (Gibco BRL, Gaithers-
burg, MD). After RNA quantification by spectrophotometry
reading, 5.5 µg of total RNA was collected and reverse-tran-
scripted (RT) to cDNA, using the Ready To Go T-Primed First
Strand Kit (Pharmacia Biotech, Uppsala, Sweden). The quan-
tification of mRNA coding for lipase was normalized relative
to the mRNA-specific housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), i.e., results are presented
as lipase mRNA/GAPDH mRNA. GAPDH was chosen as the
housekeeping gene since its expression did not significantly
vary during sea bass larval development (1). PCR of a 50-µL
solution containing 1–3 µL of cDNA, 5 µL of a 10× buffer so-
lution (Qbiogene, Illkirch, France), 2 µL of 20 mM dNTPs
(Eurogentec, Seraing, Belgium), 0.5 µL of 5 U/µL Taq poly-
merase (Qbiogene), 50 pmol of each primer, and sterilized dis-
tilled water to complete the 50 µL volume was carried out in a
thermocycler (Robocycler® Gradient 96; Stratagene, LaJolla,
CA). PCR conditions were as follows: initial denaturation at
94°C for 30 s followed by 30 cycles including denaturation at
94°C for 1 min, annealing at specific temperatures (50°C for
lipase and 56°C for GAPDH) for 1.5 min, and 2 min elonga-
tion at 72°C. A final extension cycle was performed at 72°C
for 7 min. Primer sequences were: 5′–TGT GGC TTC AAC
AGC–3′ and 5′–CGC TCC AAG RCT GTA–3′ (Cybergene,
Ivry, France) for lipase; and 5′–CAC CAC GCT CAC CAT
CGC–3′ and 5′–CAT CTT GGG GAA CAT GTG–3′ (Euro-
gentec) for GAPDH. Quantification of RT-PCR products cod-
ing for lipase and GAPDH was achieved by applying 10 µL
of each PCR product on a 1.2% agarose (0.8% agarose plus
0.4% low-melting-temperature agarose)–ethidium bromide (1
mg/L) gel, followed by image capture in a multi-imager (Bio-
Rad Multi-Analyst™) and quantification using the software
Image Master™ TotalLab (Amersham Pharmacia Biotech,
Uppsala, Sweden). The limits of the exponential phase and the
beginning of the saturation phase of the amplification reaction
were determined for each gene (by a calibration curve plotting
the product of a 30-cycle PCR against the known start concen-
tration of the cDNA) to ensure the linear relationship between
start RNA and final RT-PCR product.

Statistical analyses. Results are given as mean values ± SD
of triplicate or duplicate (diet biochemical composition) sam-
ples. Data from larval weight, survival rate, body composi-
tion, lipase activity, and mRNA levels were compared by a
two-way ANOVA followed by the Tukey HSD multiple range
test when significant differences were found at the P < 0.05
level, using the software Statistica 6 (StatSoft Inc., Tulsa,
OK). The two analyzed factors were “lipid quantity” (two lev-
els—7.5 and 15%) and “lipid quality” (three levels—fish oil,
triolein, and coconut oil). The assumption of homogeneity of
variance was previously checked using the Bartlett’s test and
survival rates were arcsin(x1/2) transformed (19). In the cases
where a significant interaction was found between the two
factors, a one-way ANOVA was performed to analyze the re-
sults.
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RESULTS

Larval performance. No significant differences in survival
were found in the second experiment (Table 3). On the as-
sumption that the sampling of larvae would not result in fur-
ther mortality (sampling times were concentrated at the end

of the experiment), survival varied between 86 and 93%. In
the first experiment, due to reduced growth, all surviving lar-
vae were required for lipase assays and survival was not
quantified, as it would extend sampling time and potentially
lead to enzyme degradation. In terms of growth, statistically
significant differences were found in the first experiment, on
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TABLE 3 
Survival and Biochemical Composition of the Larvae at the Start (day 36) and at the End of the Second Experiment (day 52)a

Start F7.5 T7.5 C7.5 F15 T15 C15

Survival (%) 89.1 ± 3.1 85.7 ± 3.0 88.4 ± 2.9 92.8 ± 3.1 90.4 ± 3.0 87.9 ± 2.4
Biochemical composition

Moisture (%) 91.6 ± 1.2 87.7 ± 0.6 86.2 ± 1.4 86.4 ± 1.4 87.0 ± 1.3 86.2 ± 1.6 88.7 ± 1.8
Ash (% DM) 22.0 ± 0.0 16.3 ± 0.9 15.1 ± 0.3 16.2 ± 0.6 14.3 ± 0.8 15.0 ± 2.3 17.7 ± 2.2
Lipid (% DM) 20.3 ± 1.3 19.9 ± 1.1a,b 20.9 ± 0.2b 17.2 ± 1.0c 24.6 ± 0.5d 26.5 ± 0.5d 18.7 ± 0.2a,c

Total FA (% DM) 14.6 ± 0.1 14.6 ± 1.1a,b 16.6 ± 0.2a,b 13.2 ± 0.9a 17.2 ± 2.7b 21.7 ± 1.0c 13.9 ± 0.3a,b

Protein (N × 6.25) (% DM) 61.1 ± 2.4 62.2 ± 0.9 64.0 ± 3.3 64.6 ± 1.2 59.1 ± 0.3 58.3 ± 0.6 62.6 ± 0.4
aValues are means ± SD (n = 3). Values on the same line with different superscript roman letters are significantly different (P < 0.05, one-way ANOVA), but
only results at the end of the experiment (day 52) were compared. For diet descriptions see Table 1. For abbreviations see Tables 1 and 2.

TABLE 2
FA Composition of the Experimental Diets and of the Larvae at the Start (day 36) and at the End of the Second Experiment (day 52)a

Experimental diets Larvae

FA (%) F7.5 T7.5 C7.5 F15 T15 C15 Start F7.5 T7.5 C7.5 F15 T15 C15

8:0 0.0 0.0 1.9 0.0 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10:0 0.0 0.0 3.0 0.0 0.0 4.0 0.0 0.0 0.0 0.3 0.0 0.0 0.5
12:0 0.2 0.0 26.9 0.1 0.0 36.8 0.0 0.0 0.0 7.1 0.0 0.0 11.5
14:0 5.5 1.8 12.4 5.8 1.2 15.3 1.5 3.4 1.2 7.2 3.2 0.9 9.5
16:0 16.4 10.2 12.6 16.1 7.9 11.0 17.5 18.2 11.9 17.2 16.0 9.3 16.3
18:0 3.3 3.7 3.3 3.3 3.6 3.0 5.4 5.2 4.9 5.7 4.5 4.6 5.6
20:0 0.2 0.2 0.1 0.3 0.3 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
22:0 0.2 0.6 0.1 0.2 0.7 0.1 0.1 0.0 0.2 0.0 0.0 0.3 0.0
14:1 0.3 0.2 0.2 0.3 0.1 0.0 0.2 0.1 0.0 0.0 0.2 0.0 0.0
16:1n-7 5.3 1.8 1.8 5.9 1.3 1.2 2.5 4.7 1.8 2.3 5.2 1.3 2.1
18:1n-7 1.0 0.0 0.0 1.1 0.0 0.0 2.9 3.2 2.0 1.9 3.3 1.8 1.6
20:1n-7 0.3 0.0 0.1 0.3 0.0 0.0 0.2 0.4 0.0 0.0 0.4 0.0 0.0
18:1n-9 10.8 45.2 7.0 11.7 56.5 6.3 12.0 12.3 37.8 10.6 12.3 48.5 10.9
20:1n-9 5.6 2.9 2.5 5.9 2.3 1.9 4.5 5.4 3.7 3.6 5.5 3.6 3.0
22:1n-9 0.7 0.3 0.3 0.8 0.3 0.2 0.5 0.5 0.3 0.3 0.5 0.2 0.2
24:1n-9 0.6 0.3 0.3 0.6 0.2 0.2 0.2 0.3 0.3 0.3 0.2 0.2 0.2
18:1n-11 2.8 1.6 1.1 3.0 1.4 0.8 0.5 1.3 0.0 1.0 1.3 0.0 0.5
20:1n-11 0.8 0.3 0.3 0.8 0.0 0.0 0.7 1.0 0.4 0.7 1.0 0.0 0.6
22:1n-11 6.4 3.2 3.0 6.6 2.1 1.8 2.9 3.9 2.1 2.2 3.7 1.4 1.5
18:2n-6 12.4 15.4 11.0 9.1 13.6 7.3 23.2 12.1 14.6 13.5 9.6 13.8 12.2
18:3n-6 0.2 0.1 0.1 0.2 0.1 0.0 0.1 0.2 0.2 0.2 0.2 0.2 0.2
20:2n-6 0.3 0.1 0.1 0.3 0.1 0.0 1.4 1.0 0.8 1.6 0.9 0.6 1.5
20:3n-6 0.2 0.0 0.0 0.2 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.0 0.1
20:4n-6 0.6 0.3 0.3 0.6 0.2 0.2 0.8 1.0 0.7 0.8 0.9 0.4 0.8
22:5n-6 0.3 0.4 0.1 0.3 0.3 0.1 0.1 0.3 0.2 0.2 0.3 0.2 0.3
18:3n-3 2.4 1.8 1.9 2.0 1.2 1.2 2.9 1.8 1.6 2.0 1.7 1.2 1.8
18:4n-3 2.3 1.0 1.0 2.3 0.7 0.7 0.7 1.3 0.6 1.0 1.5 0.4 0.9
20:3n-3 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0
20:4n-3 0.8 0.2 0.2 1.0 0.2 0.1 0.3 0.6 0.3 0.4 0.9 0.2 0.3
20:5n-3 8.5 3.0 3.1 9.0 2.1 1.9 6.1 7.4 4.3 6.1 9.4 3.3 5.6
22:5n-3 1.5 0.4 0.3 1.9 0.2 0.2 0.8 1.5 0.6 0.8 2.0 0.5 0.7
22:6n-3 10.1 4.9 4.9 10.3 3.3 2.9 11.9 12.7 9.4 12.5 14.6 6.9 11.3

∑ SFA 25.7 16.5 60.3 25.7 13.7 72.9 24.6 27.0 18.4 37.6 23.9 15.3 43.5
∑ MUFA 34.6 55.9 16.8 37.1 64.2 12.4 27.1 32.9 48.4 23.0 33.7 57.0 20.7
∑ PUFA 39.7 27.6 22.9 37.3 22.1 14.7 48.3 40.1 33.3 39.4 42.3 27.8 35.8
∑ HUFA 21.0 8.5 8.5 22.2 5.8 5.1 19.0 22.2 14.5 19.8 27.0 10.8 18.0
aValues are means (diets, n = 2; larvae, n = 3, except F15, where n = 1); SD was below 0.004 in diets and 0.05 in larvae. SFA, saturated FA; MUFA, mono-
unsaturated FA; HUFA, highly unsaturated FA. For diet descriptions and other abbreviation see Table 1.



all sampling dates (Fig. 1), and at the end of the second ex-
periment (Fig. 2). A significant effect of lipid quantity was
found at all sampling dates except for day 11 of the first ex-
periment, and the factor lipid quality had a significant effect
at all times. However, a significant interaction was found be-
tween the two analyzed factors on days 17 and 24 of the first
experiment and in the second experiment, most probably as
the result of the effect of coconut oil on larval growth. In both
experiments, an increase in the dietary lipid level resulted in
a significantly higher growth of larvae fed the fish oil and tri-
olein diets, whereas for coconut oil a higher dietary level was
responsible for a significantly lower growth. In terms of lipid
quality, fish oil induced a significantly higher growth at day
11 of the first experiment, whereas no significant differences
were found between triolein and coconut oil at this time. At
days 17 and 24 of the first experiment, significant differences
were found between all lipid sources, with triolein and co-

conut oil inducing the significantly highest and lowest
growth, respectively. At the end of the second experiment, the
diet containing fish oil at a higher inclusion level gave a sig-
nificantly higher growth (although not statistically different
from diet T15).

Larval biochemical composition. No significant differ-
ences were found in the moisture and ash content of the lar-
vae at the end of the second experiment (Table 3). As for the
total lipid and FA content, significant differences were found
for both factors. A higher dietary lipid level gave a signifi-
cantly higher larval lipid and FA content. There was also a
significant effect of lipid quality, with the triolein diet giving
a significantly higher lipid and FA content, followed by the
fish oil diet, and the coconut oil diet gave a significantly lower
body incorporation of lipid and FA. For protein content, an
inverse trend was noted, but it was not statistically significant.
The results of the sea bass FA analysis (Table 2) revealed an
increase in the relative amount of the FA predominant in the
diet over the course of the experiment. The fish oil diets gave
the highest larval PUFA content, mainly as a result of the high
HUFA (highly unsaturated FA; ≥20 carbon atoms, ≥4 double
bonds) level. The larvae fed these diets presented intermedi-
ate levels of saturated FA (SFA) and monounsaturated FA
(MUFA), as a result of the high levels of 14:0 and 16:0 and of
most MUFA, except 18:1n-9. The triolein diets gave the high-
est MUFA (mainly 18:1n-9) level and the lowest total SFA
and PUFA contents. The larvae fed coconut oil diets had the
highest level of SFA, particularly of 10:0, 12:0 and 14:0; only
in these larvae were 10:0 and 12:0 detected. In addition, lar-
vae fed the C7.5 and C15 diets obtained relative levels of
PUFA and HUFA similar to those of larvae fed fish oil diets,
particularly F7.5, and to those measured at the start of the ex-
periment. When the dietary oil inclusion level was increased,
the general effect on the larvae was an increase in the relative
level of the predominant FA, accompanied by a concomitant
decrease in the remaining FA.

Lipase specific activity and mRNA level. In the first exper-
iment, no significant differences were found in lipase specific
activity on day 18 (Fig. 3A), whereas some differences were
found on day 24 for both lipid quantity and quality (Fig. 3B).
At this age, a lower lipid inclusion level was responsible for a
significantly higher lipase activity, independent of lipid
source. The analysis of the factor lipid quality revealed that
triolein was responsible for a significantly lower lipase activ-
ity, whereas no significant differences were found between
fish oil and coconut oil. At the end of the second experiment,
only the factor lipid quality was found to give significant dif-
ferences in lipase specific activity, with all dietary lipid
sources being statistically different from each other (Fig. 4A).
Diets containing coconut oil induced a significantly higher li-
pase activity at day 52, and those having fish oil were respon-
sible for the lowest lipase activity. No significant changes oc-
curred when the lipid inclusion level was increased from 7.5
to 15%. No significant differences were found in the
lipase/GAPDH mRNA values, during both the first (Fig. 3C)
and second (Fig. 4B) experiments.
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FIG. 2. Wet weight (mg) at the end of the second experiment (day 52).
Data are means ± SD (n = 3). Columns with different superscript letters
are significantly different (P < 0.05; one-way ANOVA). Diet contents
are enumerated in Table 1.

FIG. 1. Wet weight (mg) on days 11, 17, and 24 of the first experiment.
Data are means ± SD (n = 3). Columns with different superscript letters
on each day are significantly different (P < 0.05; one-way ANOVA).
Diet contents are enumerated in Table 1.



DISCUSSION

The long-term adaptation of larval fish lipolytic enzymes to
the qualitative lipid content of the diet has not, to our knowl-
edge, been addressed previously. Hence, the objectives of this
study were to investigate the effect not only of TAG quantity
but also of TAG quality on performance, body composition,
lipase activity, and mRNA levels in sea bass larvae. 

Larval performance in relation to lipid source. Fish oil is
generally considered as a reference oil for fish nutrition. The
use of triolein as the neutral lipid source in the diet of larval
sea bass produced growth results close to those obtained with
fish oil, particularly at the high inclusion level. Larval growth
obtained with coconut oil at a low dietary inclusion level was
comparable to other TAG sources, whereas at a higher level it
had a growth-depressing effect. Coconut oil is one of the few

natural sources of medium-chain TAG (MCT), which are com-
posed of SFA with a carbon chain length between 6 and 12
carbon atoms. Medium-chain FA (MCFA) are water soluble,
which facilitates their emulsification, hydrolysis, and uptake
by the intestinal mucosa. They are not re-esterified by the en-
terocyte, being transported directly to the liver as FFA (bound
to albumin) in the portal circulation (11,20). Coconut oil has
been used previously with good growth results in larval carp
(21,22) and in juvenile red drum (23). In the present study,
however, the C15 diet contained a higher amount of coconut
oil than has been tested before. Fontagné et al. (21,22) found
that coconut oil can be fed to common carp larvae without ad-
verse effects up to 10% in the diet. However, the MCFA
caprylic acid (8:0), one of the components of the coconut oil
diet, gave reduced growth in common carp at levels above 2%
of the diet (or around 10% of total FA), but lower levels were
well utilized (22). In our study, the C15 diet included 2.5%
caprylic acid. Craig and Gatlin (23) also noted that juvenile
red drum were generally not able to utilize 8:0 efficiently, al-
though at a low level, weight gain was not significantly differ-
ent from a control diet. The negative effects of MCFA have
been explained by the high ketogenic properties of these FA,
particularly of 8:0 (21,23). The intensive β-oxidation of
MCFA leads to the production of ketone bodies, which may
be well or poorly utilized as an energy source depending on
the amount of MCT used, type of MCFA, quantities of other
dietary ingredients (e.g., carbohydrates), species-specific dif-
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FIG. 3. Lipase specific activity (U/mg protein) and lipase/glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA values assayed in
the first experiment. (A) Day 18; (B) day 24; (C) day 16. Data are means
± SD (n = 3). Columns with different symbols (“lipid quantity” factor) or
different letters (“lipid quality” factor) are significantly different
(P < 0.05; two-way ANOVA). Diet contents are enumerated in Table 1.

FIG. 4. Lipase specific activity (U/mg protein) and lipase/GAPDH
mRNA values assayed at the end of the second experiment. (A) Day 52;
(B) day 51. Data are means ± SD (n = 3). Columns with different letters
(“lipid quality” factor) are significantly different (P < 0.05; two-way
ANOVA). Diet contents are enumerated in Table 1. For abbreviation
see Figure 3.



ferences, size (i.e., “dilution” of dietary FA by endogenous
FA), stage of development, and energetic needs (21,22,24,25).
In the present study, total FA levels of 2.5% of caprylic acid
(8:0), 4.0% of capric acid (10:0), and 36.8% of lauric acid
(12:0) were associated with a significantly decreased growth
of sea bass larvae, indicating that they may be at least as vul-
nerable to dietary MCT as carp or red drum. However, the ex-
perimental design of the present study does not allow clarify-
ing whether the growth depression was a consequence of an
excessive dietary supply of coconut oil or of the higher rela-
tive level of a specific MCFA. In addition, the higher lipid
level in the C15 diet was achieved through the elimination of
dietary starch, and this might have exacerbated the metabolic
effects of MCFA (24). Younger larvae appeared more sensi-
tive to coconut oil, given that in 52-d-old fish, diet C15 re-
sulted in a significantly lower growth than diets F15 and T15,
but, contrary to the first experiment, growth was not signifi-
cantly different from the diets F7.5, T7.5, and C7.5. Finally, it
should be noted that the lower growth obtained with the C15
diet was not associated with a lower survival of 52-d-old sea
bass, as obtained with other fish larvae fed high levels of
MCFA (21–23). However, just as with the detrimental effects
on growth, mortality has been related to high levels of 8:0 in
the diet and not to dietary coconut oil. 

Larval performance in relation to lipid level. It has been
suggested that young sea bass larvae do not tolerate high di-
etary neutral lipid levels (1). The generally poor growth ob-
tained in the first experiment also indicated this, but growth
in the second experiment starting at 37 d appeared not to be
affected by the inclusion of neutral lipids, even at higher lev-
els. In general, higher growth was achieved when a larger
amount of total energy was supplied in the lipid form, as pre-
viously observed (8,9). This indicates a potential effect of
lipid in sparing protein for growth, as also found in juvenile
fish (26,27). On the other hand, a higher total energy intake
might also explain the results if larval fish do not regulate
food intake according to dietary energy content, as previously
described for juvenile and adult fish (26,27). Coconut oil was
an exception in terms of potentially having a protein-sparing
effect, even though MCFA have been shown to enhance nu-
trient absorption and decrease amino acid oxidation (28).
However, alterations of FA metabolism, as just discussed,
might have obscured any potential protein-sparing effect of
coconut oil. 

Effect of dietary TAG level and source on body composi-
tion. Increasing the lipid level in the diets resulted in an over-
all rise in the sea bass body lipid content. Differences in adi-
posity were also found depending on the source of lipid. The
triolein diets were responsible for the highest body lipid ac-
cumulation, whereas reduced lipid deposition was noted in
larvae fed the coconut oil diets. The same has been found by
researchers testing the beneficial effects of dietary MCT in
improving carcass quality in several fish species (21,28–30).
The FA composition of sea bass larvae generally reflected that
of their diet, as is commonly found in fish (21,29). The fish
oil diets that had the highest PUFA levels gave the highest

PUFA and HUFA contents in the larvae. Unusually high
amounts of 14:0 were found in larvae fed the coconut oil diets,
as well as of 12:0 and 10:0, which were not detected in any of
the other larvae. Therefore, as previously observed in larval sea
bass, carp, and juvenile red drum (21,25,29), MCFA were in-
corporated into body lipid stores, although at a low level. De-
spite the relatively low level of PUFA in the coconut oil diets
compared with the fish oil diets, the larvae fed these diets had a
similar PUFA and HUFA content, and the relative content of
HUFA did not change substantially from the start of the exper-
iment. This might be explained by the presence of MCFA in
the coconut oil diets, which are preferentially catabolized for
energy production (24), potentially “sparing” the essential
PUFA. Furthermore, a likely consequence of the lower total
lipid content of larvae fed coconut oil diets is a higher propor-
tion of polar lipids, which are richer in PUFA, particularly
22:6n-3 (DHA) and 20:5n-3 (EPA). Finally, the triolein diets
produced very high levels of 18:1n-9 in the larvae, which di-
rectly reflect the composition of the diet. This was not previ-
ously seen in larval sea bass fed a diet containing triolein,
where a low deposition of 18:1n-9 in body lipids was explained
by its degradation for energetic purposes (25). 

Effect of dietary TAG source on lipase activity. In the pres-
ent study, the source of dietary TAG significantly affected li-
pase enzymatic activity, most likely as a consequence of their
substantially different FA composition. The FA specificity of
lipolytic enzymes has been relatively well studied, and the ef-
fects of FA on the activity of pancreatic lipase are related to
both the acyl chain length and degree of saturation (11,31). In
fish, the digestibility of FA has been shown to decrease with
increasing chain length and to increase with unsaturation
(10,13). Fish lipases have a preference for PUFA as sub-
strates, followed by MUFA, with SFA being more resistant to
lipolysis (12,13,17,32,33). Therefore, fish oils commonly
have a good digestibility, whereas vegetable oils containing
MUFA and particularly SFA are less digestible. In general,
when coconut oil was used as the lipid source, sea bass had a
higher lipase specific activity (although not significantly dif-
ferent from fish oil in the first experiment). The present re-
sults suggest therefore that lipolytic activity may be stimu-
lated by the MCFA and/or SFA (mainly 12:0 and 14:0) pres-
ent in coconut oil. More than half of the coconut oil SFA are
of the MCFA type, which have the advantage of being rapidly
and completely digested, even in the absence of bile salts, re-
quiring minimal pancreatic lipase activity (24). In fact, TAG
containing FA having <12 carbons can even be absorbed di-
rectly, without hydrolysis (24). MCT replacing fish oil in the
diets of adult Atlantic salmon improved lipid digestibility by
3% and increased pancreatic proteolytic activity of the
chyme; lipolytic activity was also slightly enhanced, although
not significantly (28). Saraux et al. (34) noted that in rat li-
pase, activity was maximally stimulated by coconut oil, but
not significantly differently from lard (99% C>12:0). In addi-
tion, the digestibility of coconut oil was analyzed in Artic
charr and 12:0 was found to be a good substrate for intestinal
lipase, the lipolysis of 14:0 being intermediate (13). 
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A surprising finding was the marked decrease in enzymatic
activity caused by the fish oil diet in the second experiment,
particularly at the higher inclusion level. This difference in li-
pase activity (nearly four times lower in the group fed the F15
diet, compared with the group fed C7.5) is unlikely to be
caused by the difference in weight among the fish groups,
which was about 17%. The fish oil diet is characterized by a
high level of PUFA, for which lipase has maximal specificity
(13). Nevertheless, it also contained the highest levels of sev-
eral long-chain MUFA and of the SFA 16:0, which have been
reported to be resistant to hydrolysis and absorption (12,32).
Austreng et al. (10) noted that in spite of the high digestibility
of long-chain (C20–C22) FA characteristic of marine oils, the
C16–C18 FA also present in these oils were less well digested
than those in soybean oil. On the other hand, the physiological
digestive response to the fish oil-based diet was age-dependent,
as the same diet gave relatively high levels of lipase specific
activity (comparable to coconut oil) in the first experiment. 

The chemical nature of the FA, particularly their carbon
chain length, has been shown to influence the release of chole-
cystokinin (CCK) and secretin, hormones that are implicated
in the stimulation of pancreatic enzyme secretion (31,35,36).
However, results obtained with different species reveal that
MCT or long-chain TAG may cause distinct effects in humans
and other mammals (37–39). Additionally, ketones have been
implicated as mediators of pancreatic adaptation to dietary
lipids, as blood ketone levels are strongly correlated with pan-
creatic lipase content (31). This may partially explain the re-
sults obtained with the coconut oil diets, which are more keto-
genic that the other diets tested. Except for preliminary work
on the CCK-mediated stimulation of pancreatic secretion by
proteins and amino acids (40,41), the adaptation of pancreatic
secretion to dietary components in fish remains completely un-
known. However, having in mind the present results, it may
be hypothesized that if a CCK-mediated mechanism exists,
CCK release is probably also sensitive to the chemical nature
of the FA. In addition, it can be hypothesized that the long-
term feeding of sea bass larvae with more digestible diets con-
taining long-chain FA, such as those using fish oil, causes an
adaptative response leading to a lower secretion of pancreatic
lipolytic enzymes. On the contrary, in a dietary regime con-
taining less-digestible oils, an elevated lipolytic activity would
be maintained. However, there are many confounding effects
in the diets of the present study, and definite conclusions can-
not be drawn at this time.

Effect of dietary TAG level on lipase activity. A stimulat-
ing effect of dietary lipid content on lipolytic enzymes has
been reported both in mammals (31,36,42) and in fish, includ-
ing sea bass (8,43). In rats, lipase activity was correlated with
lipid intake, but the range of adaptative variation was narrow
(approximately twofold) (34). In the present study, the in-
crease in dietary lipid level was generally not found to affect
lipase specific activity and, on day 24, a lower lipid level even
appeared to induce a higher lipase activity. However, differ-
ences in the lipid level (17 vs. 24% total lipid) were not as
marked as in the previous work conducted with sea bass, in

which significant differences were found only between the di-
etary groups containing 10% lipids and >20% lipids (8).
Moreover, the low lipid level (17%) was close to the plateau
of 20% dietary lipids reported by Zambonino Infante and
Cahu (8), over which there was no further stimulation of li-
pase activity. Additionally, the pancreatic enzyme response to
intestinal stimulants has been related to the load (amount per
unit of time) rather than to concentration. Thus, it has been
suggested that the intestinal receptors for these intraluminal
stimulants require only a very low concentration for activa-
tion, the length of the intestine exposed to these products
being the main determinant of the total pancreatic secretory
response (35). If this is the case in marine fish larvae, the in-
gestion rate of the diet may also play a major role in determin-
ing lipase activity. In accordance with this theory, Hoehne-
Reitan et al. (44) showed that the bile salt-dependent lipase
content of turbot larvae appeared to be a function of the in-
gestion rate, whereas the lipid level of the prey had no effect.

Lipase activity and growth. Growth was not related to li-
pase enzymatic activity, indicating that these two factors
might be independent. In fact, a large excess of pancreatic li-
pase secretion in relation to dietary needs has been reported
in humans (31). If this is also the case in young fish, a dimin-
ished lipase specific activity might not necessarily affect
growth. Results obtained so far by studying lipid digestion
and transport in fish larvae seem to indicate that the transport
of lipid from the enterocytes into the peripheral tissues may
be more of a problem in small larvae than lipid digestion (45).
In larval red drum fed a microparticulate diet, live prey, or
both, enzyme activity was not the limiting factor for growth
(46). Furthermore, measurements of bile salt-dependent
lipase in turbot larvae suggest that it is present in ample quan-
tity for the lipid digestion of all ingested prey (47). The phys-
iological significance of pancreatic adaptation to the diet
therefore remains puzzling. 

Regulation of lipase activity. Both transcriptional and
translational regulation has been detected in rat pancreatic li-
pase in response to high-fat diets (31,42). In the present study
no significant differences were found in the lipase/GAPDH
mRNA values, confirming the previous hypothesis of an in-
volvement of a posttranscriptional or translational mecha-
nism, with a hormonal modulation (eventually through CCK
or secretin action) of the efficiency of mRNA translation
(1,8). However, it was additionally postulated that the regula-
tion of lipase activity occurs also at the transcriptional level
in sea bass larvae (1,8). No evidence of this was found in the
present study, although the high variability associated with
the determination of mRNA synthesis may have obscured po-
tential dietary effects. 

In conclusion, the data presented here suggest the exis-
tence of a regulatory mechanism of neutral lipolytic enzyme
secretion and activity according to the dietary FA composi-
tion operating in marine fish larvae. However, an understand-
ing of the underlying mechanisms controlling such an adap-
tation as well as of the physiological importance of such a
regulation is still incomplete.
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ABSTRACT: It has recently been shown that tocotrienols are
the components of vitamin E responsible for inhibiting the
growth of human breast cancer cells in vitro, through an estro-
gen-independent mechanism. Although tocotrienols act on cell
proliferation in a dose-dependent manner and can induce pro-
grammed cell death, no specific gene regulation has yet been
identified. To investigate the molecular basis of the effect of to-
cotrienols, we injected MCF-7 breast cancer cells into athymic
nude mice. Mice were fed orally with 1 mg/d of tocotrienol-rich
fraction (TRF) for 20 wk. At end of the 20 wk, there was a sig-
nificant delay in the onset, incidence, and size of the tumors in
nude mice supplemented with TRF compared with the controls.
At autopsy, the tumor tissue was excised and analyzed for gene
expression by means of a cDNA array technique. Thirty out of
1176 genes were significantly affected. Ten genes were down-
regulated and 20 genes up-regulated with respect to untreated
animals, and some genes in particular were involved in regulat-
ing the immune system and its function. The expression of the
interferon-inducible transmembrane protein-1 gene was signifi-
cantly up-regulated in tumors excised from TRF-treated animals
compared with control mice. Within the group of genes related
to the immune system, we also found that the CD59 glycopro-
tein precursor gene was up-regulated. Among the functional
class of intracellular transducers/effectors/modulators, the
c-myc gene was significantly down-regulated in tumors by TRF
treatment. Our observations indicate that TRF supplementation
significantly and specifically affects MCF-7 cell response after
tumor formation in vivo and therefore the host immune func-
tion. The observed effect on gene expression is possibly exerted
independently from the antioxidant activity typical of this fam-
ily of molecules.

Paper no. L9459 in Lipids 39, 459–467 (May 2004).

Vitamin E is a generic term referring to an entire class of com-
pounds that is further divided into two subgroups called toco-
pherols and tocotrienols. Just as there are several forms of 

tocopherols (α, β, γ, and δ), there are also α-, β-, γ-, and δ-
tocotrienols. Although tocopherols are found abundantly in
oils extracted from soybean, olive, cottonseed, and sunflower
seed, tocotrienols are found only in the oil fractions of some
cereal grains such as wheat, barley, rice, and, most abun-
dantly, the fruit of palm (1). Commercial quantities of to-
cotrienols are, in fact, extracted from palm oil and rice bran
oil. A standardized tocotrienol-rich fraction (TRF) composed
of 32% α-tocopherol and 68% tocotrienols can be obtained
from palm oil after esterification and following distillation,
crystallization, and chromatography (2). 

Recent work has shown that tocotrienols, but not tocoph-
erols, can exert direct inhibitory effects on cell growth in
human breast cancer cell lines in vitro (3–5) and also induce
cells to undergo apoptosis (6). The inhibitory effect, however,
occurs irrespective of the estrogen receptor status of the cells
(7). The inhibitory effect on cell growth is more pronounced
with γ- and δ-tocotrienols (5,7). The mechanism of action is
not yet completely understood, with previous data suggesting
that the action is independent from an antagonism with estro-
gen activity (7). However, it has been reported that α-tocoph-
erol itself has no inhibitory activity on breast cancer cell
growth (3,4,7,8). Tocotrienols are also reported to have a pro-
apoptotic effect on several lines of tumor cells (6,9,10). McIn-
tyre and coworkers (10) have also shown that highly malig-
nant cells are more sensitive to the antiproliferative and apop-
totic effects of tocotrienols in comparison with preneoplastic
cells.

Although vitamin E (both tocopherols and tocotrienols) is
a potent antioxidant, the antitumor activity of vitamin E may
not be associated with its antioxidant activity (11). It is
thought that vitamin E exerts its antitumor activity by modu-
lating a number of intracellular signaling pathways involved
in mitogenesis (12–14) and apoptosis (10,12,15). Oral admin-
istration of tocopherols and tocotrienols also reportedly af-
fects the immune system and the proliferation of spleen and
mesenteric lymph node lymphocytes (16). We have prelimi-
nary evidence suggesting that the number of natural killer
(NK) cells increases in nude mice supplemented with to-
cotrienols and challenged with MCF-7 human breast cancer
cells (Nesaretnam, K., unpublished data). Other researchers
also have reported that oral administration of tocopherols and
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tocotrienols can affect the immune system and the prolifera-
tion of spleen and mesenteric lymph node lymphocytes (16).
However, the mechanism by which vitamin E helps to boost
the immune system to fight tumor growth and spread is not
known.

The in vivo study reported herein was designed on the
basis of a heterogeneic model (human breast cancer cells im-
planted into a rodent host) in order to (i) specifically focus on
the effect of TRF on the growth of cancer cells rather than on
the host, and (ii) assess whether implantation into the host re-
sults in a different pattern of gene expression and sensitivity
to tocotrienols in the tumor mass. Even though the second
issue might appear quite obvious, no current studies are able
to provide a reliable database to either support or discard this
hypothesis.

To investigate the molecular basis of the effect of toco-
trienols on tumor growth, we administered a standardized
mixture of tocotrienols extracted from palm oil and per-
formed an array analysis of cancer-related gene expression
on tumors resulting from the inoculation of MCF-7 cells in
control and TRF-supplemented athymic nude mice.

MATERIALS AND METHODS

Isolation of the TRF. The TRF was obtained from Golden
Hope Plantation (Ipoh, Malaysia). TRF has a standardized
composition of 32% α-tocopherol, 25% α-tocotrienol, 29%
γ-tocotrienol, and 14% δ-tocotrienol. The chemical structure
of tocotrienols present in TRF is shown in Figure 1. Extrac-
tion of TRF from palm oil has been described by Sundram
and Gapor (2). Briefly, palm oil fatty acid distillate was con-
verted into methyl esters by esterification. The methyl esters
were then removed by distillation, leaving a vitamin E con-
centrate. This was further concentrated by crystallization and
passed through an ion-exchange column to give 60–70% pure
vitamin E. Further purification was achieved by washing and
then drying the concentrate, followed by a second molecular
distillation stage. The final purity of the vitamin E prepara-
tion, TRF, was 95–99%. 

Analysis of tocotrienols and tocopherols. The tocopherols
and tocotrienols were analyzed by HPLC. The system used
was a Shimadzu LC-10AT high-performance liquid chro-

matograph coupled with a Shimadzu RF-10AXL fluorescence
spectrophotometer, Shimadzu Class VP data acquisition soft-
ware, and a silica column (YMC A-012, 150 × 6 mm i.d., 5
µm; YMC Co., Ltd., Kyoto, Japan). The eluting solvent was
hexane/isopropyl alcohol (99.5:0.5 vol/vol) at a flow rate of
2.0 mL/min. The detector was set at an excitation wavelength
of 295 nm and an emission wavelength of 325 nm. A 500-mg
sample of tissue was homogenized with a 4:1:1 mixture of
hexane/ethanol and 0.9% sodium chloride at 11,000 rpm for
5 min. The homogenate was then centrifuged at 800 × g for 5
min. The resulting supernatant was filtered and evaporated
using a rotary evaporator. A known amount of lipid sample
was dissolved in a 10-mL volumetric flask using the eluting
solvent, and 10 µL of the solution was injected into the HPLC
system. A standard solution of a mixture of α-tocopherol and
α-, γ-, and δ-tocotrienols was also injected using the same
procedure. Quantification of the major components of vita-
min E was carried out by comparing the peak areas of the
components with those of the standards.

Culture of stock cells. MCF-7 human breast cancer cells
were kindly provided by Dr. Kent C. Osborne at passage
number 390 (17). Stock cells were grown as monolayer cul-
tures in DMEM supplemented with 5% FCS (Gibco, BRL
Life Technologies Incorporated, Grand Island, NY) and 10−8

M estradiol in a humidified atmosphere of 5% carbon dioxide
in 95% air at 37°C. Cells were subcultured at weekly inter-
vals by suspension with 0.06% trypsin/0.02% EDTA (pH
7.3). Tumor cells were harvested for inoculation by incubat-
ing briefly with 0.06% trypsin and 0.02% EDTA. The tissue
culture flask was tapped to dislodge the cells, which were then
resuspended in DMEM supplemented with 5% FCS. Tumor
cells intended for inoculation were washed by centrifugation
and resuspended in DMEM. 

Animals. Forty female athymic nude mice (NCR nu/nu), 3
to 4 wk old, were obtained from the Animal Breeding Unit,
Institute for Medical Research, Kuala Lumpur, Malaysia. The
animals were housed under specific pathogen-free conditions
in micro-isolator cages. The care and treatment of the experi-
mental animals conformed to the guidelines of the Institute
for Medical Research for the ethical treatment of laboratory
animals. Animals were randomly divided into an experimen-
tal and a control group. Both the control and the experimental
groups were treated topically with 10−5 M estradiol and fed a
commercial mouse pellet diet for 20 wk and then sacrificed
before excising the tumor mass. The experimental group was
supplemented with 1 mg/d of TRF (dissolved in palm oil) by
gavage on the same day as tumor cell inoculation (see next
paragraph), whereas control animals were treated with the
carrier only. 

Tumor inoculation. Animals were anesthetized with phen-
tobarbital, and tumor cells injected into a right-sided thoracic
mammary fat pad that had been exposed by a small incision
(5 mm). The mammary fat pad was exposed, and a 50-µL vol-
ume of inoculum containing 106 cells was injected into the
tissue through a 27-gauge needle. By exposing the fat pad, we
were able to ensure that the cells were injected into the tissue
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FIG. 1. Structure of vitamin E (tocopherol and tocotrienol) components
in the tocotrienol-rich fraction (TRF) from palm oil.



and not into the subcutaneous space. The incision was then
closed with a skin clip. Mice were weighed, and the inocula-
tion site was palpated at weekly intervals by an investigator
who was blinded to the treatments in order to evaluate tumor
surface area. TRF treatment was not associated with any sig-
nificant changes in growth rate and final body weight in com-
parison with the group of control animals (data not shown).
The experiment was terminated 20 wk after injection of the
tumor cells, and the mice were killed by CO2 euthanasia. At
necropsy, body and tumor weights were determined. 

RNA isolation and purification. Total RNA was extracted
from pooled tumor tissues from three randomly selected ani-
mals using a Trizol solution (BRL Life Technologies) accord-
ing to the manufacturer’s instructions, with some minor modi-
fications, in order to obtain sufficient RNA for the array
analysis. Tissues and cells were homogenized in the Trizol
solution and incubated for 15 min at room temperature. After
the addition of a 20% volume of chloroform, homogenates
were vortexed for 2 min and centrifuged at 12,000 × g for 20
min at 4°C. The resulting inorganic phase was subjected to
three extractions with acid phenol/chloroform/isoamyl alco-
hol (125:24:1; Ambion, Austin, TX) and one extraction with
chloroform. RNA was precipitated overnight at 4°C with 0.75
vol of 7.5 M LiCl and then centrifuged at 12,000 × g for 10
min at 4°C. The pellet was resuspended in 400 µL of distilled
water, reprecipitated with 40 µL of 3 M Na acetate (pH 5.2)
and 1 mL of ethanol, and washed with 70% ethanol. RNA in-
tegrity was checked by denaturing gel electrophoresis. Before
labeling, total RNA was treated with 25 units of DNase I to
remove any contaminating DNA.

cDNA labeling and Atlas™ Cancer Array membrane hy-
bridization, exposure, and analysis. Atlas™ Human Cancer
cDNA Expression Arrays (Cat. #7851-1) were purchased
from Clontech Laboratories Inc. (Palo Alto, CA). Array
membranes contained 10 ng of each gene-specific cDNA
from 1176 known genes and 9 housekeeping genes (see
http://www.clontech.com for the complete list of genes). Poly
A+ RNA enrichment, cDNA Probe Synthesis, and purifica-
tion were performed using the Atlas Pure RNA Labeling sys-
tem (Clontech) following the manufacturer’s instructions,
starting from 50 µg total RNA and using [α-32P]dATP (NEN,
Boston, MA). Membrane arrays were hybridized for 18 h at
68°C into rolling bottles with 5 mL ExpressHyb hybridiza-
tion solution (Clontech) containing the denatured probes (10
× 106 cpm) and 5 µg Cot-1 DNA. The membranes were then
washed in bottles for 2 h at 68°C in 2× SSC, 1% SDS with
three changes of solutions, and then for 30 min at 68°C in
0.1× SSC, and 0.5% SDS. Membranes were finally rinsed in

2× SSC at room temperature and exposed to X-ray films
(Kodak Biomax from Kodak, Rochester, NY, or Amersham
MP from Amersham, Piscataway, NJ) at −70°C for 1 to 6 d.
Films were acquired with a scanner for transparencies, and
images were analyzed with AtlasImage software (Version
2.01, Clontech). The software analysis results were confirmed
by visual inspection of hybridization signals to ensure relia-
bility. Since tocotrienols were found to modulate the expres-
sion of one of the housekeeping genes included in the array
(see the Results section), a global gene-normalization method
was preferred. In such a method, the normalization coefficient
is calculated using the average value of all genes in the array
instead of using only the housekeeping genes. 

Reproducibility and precision limits. Previous studies ad-
dressing the application of a cDNA array have indicated that
the CV for differential gene expression in cultured cells is
10–15% (18). Studies on the reproducibility and variability
of array results have indicated that a difference of twofold or
greater in the expression of a particular gene is to be consid-
ered a real difference in transcript abundance (19,20). Data
are reported according to the suggested standardization of mi-
croarray experiments (minimal information about a microar-
ray experiment) (21). A difference in gene expression be-
tween the TRF-treated samples and controls was therefore
considered significant at a ratio of twofold or more and when
both readings had a signal intensity above 1000 units. Data
discussed herein were confirmed by a Northern blot hy-
bridization technique (see next paragraph).

Northern blot hybridization. Ten micrograms of total RNA
separated through electrophoresis in 1.2% agarose gels was
blotted onto Genescreen-N nylon membranes (DuPont,
Wilmington, DE) and hybridized according to the manufac-
turer’s instructions. Gene transcripts of MIC-1, CD74/Ii, and
the interferon-inducible transmembrane protein-1 (IFITM-1)
were detected using [α-32P]dATP (NEN) random primed
DNA ampliclones (Boehringer Ingelheim, Ingelheim, Ger-
many) obtained by PCR using sequence-specific primers (see
Table 1 for sequences). Normalization of gene expression was
achieved by hybridization of the same membranes with a la-
beled PCR fragment of the GAPDH gene.

Statistical analysis and data presentation. Statistical
analysis was performed using the SPSS program (SPSS Inc.,
Chicago, IL). Fisher’s exact test was used to test for a signifi-
cant difference in the incidence and size of tumors between
experimental and control mice. Scion Image® software was
used for quantification of the transcripts’ relative abundance
in Northern blot experiments. The figures present one out of
at least three separate experiments providing similar results.
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TABLE 1 
Nucleotide Sequences (from 5′ to 3′) of Primers Used for the Preparation of Probes in Northern Blot Hybridizations

Genes Forward Reverse

MIC-1 CGC GCA ACG GGG ACC ACT TGA GCA CCA TGG GAT TGT AGC
CD74/Ii ACC TCA TCC CAT GAG ACC TG TCC AAA ACA TTG GCT CTT CC
IFITM-1 TGC ACA AGG AGG AAC ATG AG TGA ATC CAA TGG TCA TGA GG
GAPDH TGA AGG TCG GAG TCA ACG GAT TTG G CAT GTG GGC CAT GAG GTC CAC CAC



RESULTS

We previously reported the effect of TRF on MCF-7 cell pro-
liferation in vitro (6,7,9,10). In the present study, we found
TRF supplementation to be associated with a significant inhi-
bition of tumor growth in vivo.

Effect of TRF on plasma and tissue levels of tocopherols
and tocotrienols. The administration of TRF resulted in a sig-
nificant increase in tocopherol and tocotrienol concentrations
in the plasma and tissues of animals in comparison with the
control group (see Table 2). The levels of tocopherol in-
creased in all tissues by about threefold. As expected, the in-
crease in tocotrienol levels associated with TRF administra-
tion was much more evident than that of tocopherol levels: In
plasma we observed levels sevenfold higher than in control
animals, and an even more dramatic increase was observed in
the liver and adipose tissue (more than 20-fold and about 50-
fold, respectively), confirming that selected tissues are able
to accumulate and store tocotrienols available in the diet (22).

Effect of TRF on tumor development in nude mice after
MCF-7 cell inoculation. The cumulative incidence of mam-
mary fat pad tumors in the two groups of animals over a period
of 20 wk is shown in Figure 2A. Tumor growth was detected
in the control group (i.e., mice not supplemented with TRF) 2

wk after inoculation of the MCF-7 cells. In addition, by week 7
the incidence of mammary fat pad tumors was 100% (i.e., de-
tected in all mice in the control group). On the other hand,
TRF-supplemented mice started to develop palpable tumors
only from the seventh week of inoculation and, more impor-
tantly, only 50% of the mice in this group had tumors at week
14. TRF supplementation also affected tumor size. Tumor sur-
face area was in fact significantly reduced in treated animals,
being on the average about one-third that of control animals at
the end of the experimental period (see Figure 2B).

Effect of TRF supplementation on gene expression in tu-
mors resulting from inoculating nude mice with MCF-7 cells:
cDNA array data. Two hundred and forty-six genes were sig-
nificantly hybridized, with a total of 1185 cDNA spotted onto
the membrane. The expression of 30 genes (i.e., 12% of the
total number of hybridized genes) was significantly affected
by the supplementation of TRF from palm oil in vivo in the
tumor mass that resulted after 20 wk of inoculation of MCF-7
into nude mice. Among these 30 genes, 20 genes were up-reg-
ulated and 10 were down-regulated (see Table 2). The com-
plete list of genes whose expression was affected following
TRF supplementation in the tumor tissue is presented in Table
3. Genes have been classified into functional groups accord-
ing to the putative function of the encoded proteins. However,
the data discussed hereafter focus on only a selected subsam-
ple of genes involved in specific groups.

In tumors excised from nude mice, the expression of the
CD74/Ii gene displayed the highest up-regulation (11-fold),
whereas the IgG Fc receptor large subunit P51 precursor
(FcRn) displayed a significant down-regulation (3.3-fold).
The expression of the IFITM-1 gene was significantly up-reg-
ulated in tumor cells following TRF treatment with respect to
control mice. Within the group of genes related to the immune
system, we also found that the CD59 glycoprotein precursor
gene was also up-regulated by TRF. Among the 30 genes
modulated by TRF supplementation in MCF-7-induced tu-
mors, nine genes could be functionally classified as intracel-
lular transducers/effectors/modulators (see Table 2). This cat-
egory includes the c-myc gene, which is a gene that was sig-
nificantly down-regulated in tumors after TRF treatment. 
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TABLE 2
Tocopherol and Tocotrienol Concentrations in Plasma, Liver, and Adi-
pose Tissue in Control Animals and in Animals Fed 1 mg/d of a Toco-
trienol-Rich Fraction (TRF) by Gavagea

Tissue Total tocopherols Total tocotrienols

Plasma
Control 1.88 ± 0.34 1.03 ± 0.66
TRF treatment 3.89 ± .64 6.72 ± 1.79

Liver
Control 2.36 ± 0.89 0.30 ± 0.06
TRF treatment 7.73 ± 3.90 6.35 ± 4.79

Adipose tissue
Control 7.46 ± 3.12 1.57 ± 0.54
TRF treatment 20.21 ± 6.48 74.16 ± 23.91

aData are presented as the mean ± SD of 10 animals per group and expressed
as µg/mL (plasma) and µg/g tissue (liver and adipose tissue).

FIG. 2. Cumulative tumor incidence (A) and tumor surface area (B) in control and TRF-supple-
mented nude mice inoculated with MCF-7 cells. There were 20 animals in each group. -l- =
Control animals; -s- = TRF treatment. For abbreviation see Figure 1.



Northern blot hybridization. RNA extracted from tumors
that grew in TRF-supplemented mice and control mice was
subjected to Northern blot hybridization to confirm data ob-
tained by means of cDNA array analysis. We performed
Northern blot analyses on only a selected number of genes,
i.e., MIC-1, CD74, IFITM-1, and GAPDH. Their hybridiza-

tion signals, together with the quantification obtained after
normalization to the expression of GAPDH, are shown in Fig-
ure 3. Northern blotting confirmed the up-regulation of MIC-
1 (about tenfold), CD74/Ii (about fourfold), and IFITM-1
(about twofold) gene expression in MCF-7-induced tumors in
nude mice fed TRF in comparison with control animals. 
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TABLE 3
Fold Changes in Gene Expression in MCF-7-Induced Tumors in Nude vs. Control Micea

Genes Gene bank no. Treated vs. control

Oncogenes and tumor suppressors
IFITM-1 (interferon-inducible protein 9-27) J04164 2.2
c-myc oncogene V00568 0.5
Prohibitin (PHB) S85655; 0.4

U17179
Metalloproteinase inhibitor 3 precursor; tissue inhibitor of metalloproteinases 3 (TIMP3); 

mitogen-inducible gene 5 (MIG5) Z30183 5.1
Synapse-associated protein 102 (SAP102); neuroendocrine-DLG [NE-DLG; DLG3; 

human homolog of Drosophila discs large (DLG)] U49089 3.1
p33ING1 AF001954 3.5

Apoptosis-associated proteins and DNA-binding and -damage signaling/repair proteins
BCL-2 binding athanogene-1 (BAG-1); glucocorticoid receptor-associated protein (RAP46) S83171; 2.4

Z35491
Induced myeloid leukemia cell differentiation protein (MCL-1) L08246 2.4
Fas-activated serine/threonine (FAST) kinase X86779 2.2
DNA-repair protein XRCC1 M36089 0.5

Immune system proteins
IgG receptor FC large subunit P51 precursor (FCRN); neonatal FC receptor; 

IgG FC fragment receptor transporter alpha chain U12255 0.3
HLA-DR antigen-associated invariant subunit (CD74/Ii ANTIGEN) X00497 11.5
CD59 glycoprotein precursor; membrane attack complex inhibition factor (MACIF); 

MACIP; MEM43; MIRL; HRF20; 1F5 M34671 2.9
Extracellular cell-signaling and cell receptors

Macrophage inhibitory cytokine 1 (MIC1) AF019770 2.9
Intracellular transducers/effectors/modulators

Serine/threonine-protein kinase PCTAIRE 1 (PCTK1) X66363 0.4
Placental calcium-binding protein; calvasculin; S100 calcium-binding protein A4; MTS1 protein M80563 2.4
Zyxin + zyxin-2 X94991; 2.1

X95735
PTPCAAX1 nuclear tyrosine phosphatase (PRL-1) U48296 2.1

Transcription activators/repressors
TAX1-binding protein 151 (TXBP151) U33821 2.6
Transcription factor erf-1; AP2 gamma transcription factor U85658 2.5

Metabolism
Methylenetetrahydrofolate dehydrogenase-methylenetetrahydrofolate 

cyclohydrolase-formyltetrahydrofolate synthetase J04031 0.4
Purine nucleoside phosphorylase (PNP); inosine phosphorylase X00737 0.4
L-Lactate dehydrogenase M subunit (LDHA) X02152 0.4

Cell adhesion proteins
40S ribosomal protein SA (RPSA); 34/67-kDa laminin receptor (LAMR1); 

colon carcinoma laminin-binding protein; NEM/1CHD4 U43901 0.4
Integrin alpha 3 (ITGA3); galactoprotein B3 (GAPB3); VLA3 alpha subunit; CD49C antigen M59911 5.2

Membrane channels and transporters
PKU-alpha AB004884 2.2

Trafficking and extracellular matrix proteins
Fibronectin precursor (FN) X02761; 3.6

K00799;
K02273;
X00307;
X00739

TRAM protein X63679 2.2
Type I cytoskeletal 10 keratin; cytokeratin 10 (K10) M19156 0.4
Type I cytoskeletal 14 keratin; cytokeratin 14 (K14; CK14) J00124 3.5

aChanges greater than twofold or less than 0.5-fold were considered significant and included in the table. 



DISCUSSION

We have previously reported that TRF inhibits proliferation
of estrogen receptor-positive and estrogen receptor-negative
human breast tumor cell lines in vitro (4,7,23). Moreover,
several studies have shown that high dietary intake of to-
cotrienols can suppress carcinogen-induced mammary tu-
morigenesis in experimental animals (24,25). 

This study reports the effect of the administration of TRF,
a standardized tocotrienol-rich extract from palm oil, on
tumor incidence resulting from inoculation of MCF-7 breast
cancer cells into athymic nude mice. Our data show that at the
end of the experimental period of 20 wk, there was a signifi-
cant delay in the onset, incidence, and size of tumor growth
in nude mice supplemented with TRF compared with the con-
trols, which did not receive any TRF. As expected, TRF sup-
plementation was associated with a significant increase in
both tocopherol and tocotrienol concentrations in plasma,
liver, and adipose tissue, the concentration of tocotrienols
being much more dramatic than that of tocopherols, particu-
larly in the adipose tissue (about 50-fold with respect to the
unsupplemented animals). 

Differential gene expression in the tumor mass was as-
sessed by means of a macroarray analysis, which allowed the
identification of a number of genes modulated by the supple-
mentation of TRF in the tumor mass. In this paper, we in-
cluded a complete list of genes affected by TRF treatment in
tumors excised from TRF-treated and -untreated animals.
However, we focus our discussion herein on some of the
genes involved in the regulation of the immune system and
its function. In fact, some preliminary data suggest that TRF
from palm oil is able to exert an immunomodulatory role in
nude mice (unpublished data), possibly due at least in part to
a response to signals secreted from tumor cells. In accordance
with this hypothesis, lines of evidence indicate that the likeli-
hood of tumor growth is a consequence of a balance between
the host immune response and tumor growth kinetics. The ini-
tiation of a host immune response toward the tumor is depen-
dent on the activation of T-lymphocytes that can recognize

tumor cells as abnormal. The activation of naïve T-lympho-
cytes requires two distinct signals (26,27). The first one is de-
livered following the engagement of the T-cell receptor with
the major histocompatibility (MHC)-peptide complex on an
antigen-presenting cell (APC). The second signal, which is a
costimulatory signal (28), is delivered following the binding
of coreceptors on the T-cell with its respective ligands on the
APC. Although tumors may be able to deliver antigen-spe-
cific signals to T-cells, they are generally unable to deliver the
necessary costimulatory signals required for the full activa-
tion of naïve T-lymphocytes (26,29,30). Antigen recognition
in the absence of the second signal will render T-cells nonre-
active or anergic (31), or it may cause these cells to be deleted
from the host T-cell repertoire. 

Recent evidence (32) indicates that peripheral solid tumors
usually evade the host immune response. Hence, one of the
therapeutic approaches to curbing the growth and spread of
tumors would be to find a more effective way of inducing a
cell-mediated immune response where both NK cells and cy-
totoxic T-lymphocytes can be appropriately activated (33).

The MHC-class Ii-associated invariant chain (CD74/Ii) re-
portedly plays a central role in the biological function of the
MHC class Ii molecules (34). The invariant chain plays a crit-
ical role in the presentation of processed peptides to the CD4+

T-lymphocytes by influencing the expression and peptide
loading of the MHC class II molecules (35). We have ob-
served that TRF supplementation causes the expression of the
CD74/Ii gene to be strongly up-regulated in MCF-7-induced
tumors of animals fed TRF (see Fig. 3). This observation sug-
gests that the antitumor effect of tocotrienols may be the re-
sult of increasing the host immune functions. Several indica-
tions support this hypothesis. It has been reported that the
treatment of normal human monocytes and macrophages with
interferon-γ (IFN-γ) markedly enhances the expression of the
CD74/Ii protein in these cells (36). Moreover, Balkwill and
collaborators (37) showed that the expression of the CD74/Ii
gene on solid tumors of nude mice can be modulated in a
dose-dependent fashion and reversibly by IFN-γ administra-
tion. Such regulation involves a signal transduction pathway
activated in lymphoma and normal mouse B cells by protein
kinase C and in controlling the stability of CD74/Ii messen-
ger RNA (38). Therefore, the antineoplastic activity of TRF
could be mimicking the effects of an IFN-γ treatment, which
in turn can cause an increased expression of the CD74/Ii gene
by macrophages and T-lymphocytes. 

In agreement with the expression of CD74/Ii, we also ob-
served the up-regulation of the interferon-inducible protein-1
(IFITM-1, IFI17, or 9-27) in MCF-7-induced tumors. Gutter-
man (39) suggested that expression of this membrane protein,
which was identified for its inducibility by interferons, is nec-
essary for the antiproliferative effect of interferons. IFITM-1
has been shown to be a component of a multimeric complex
involved in the transduction of antiproliferative and adhesion
signals (40). The up-regulation of this gene in tumors from
tocotrienol-treated nude mice injected with MCF-7 parallels
the up-regulation of CD74/Ii and reinforces the idea of 
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FIG. 3. (A) Northern blot analyses of TRF effects on the expression of
MIC-1, CD74, and IFITM-1 genes in the tumor mass resulting from
MCF-7 inoculation in nude mice. (B) Fold changes in gene expression
calculated using Scion software and normalized by hybridization sig-
nals of the GAPDH gene. For abbreviation see Figure 1.
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tocotrienols being able to mimic an interferon-like activation
of immune functions through the IFITM-1 and CD74/Ii mol-
ecules. 

Interferons are also known to exert their inhibitory effect
on cell growth by acting at many levels, such as directly af-
fecting the function of proteins (c-myc and Rb) involved in
the cell cycle (39). In our array analysis, we detected a signif-
icant down-regulation of c-myc gene expression in to-
cotrienol-treated MCF-7-induced tumors (see Table 2). The
c-myc down-regulation by tocotrienols is in agreement with
the in vivo inhibition in growth by tocotrienols and toco-
pherols reported by Gu and coworkers (16). This is a very
promising finding as the expression of the c-myc oncogene
has been implicated in malignant progression in a variety of
human tumors (41,42).

Both the array analysis and Northern blot hybridization in-
dicated that TRF up-regulated the expression of MIC-1, a
member of the transforming growth factor-β superfamily (43)
in tumors resulting from MCF-7 cell injection (see Fig. 2).
Although MIC-1 is not expressed in monocytes/macrophages
or undifferentiated resting cells, it is progressively up-regu-
lated upon differentiation of these cells by a number of acti-
vation agents (44). It has been suggested that MIC-1 could be
an autocrine inhibitor of macrophage activation (45,46). Al-
bertoni and collaborators (47), reporting on the antitumori-
genic properties of MIC-1 in nude mice, identified this cy-
tokine as a prominent target gene of p53 in the glioblastoma
cell line and as a mediator of cellular stress signaling. More-
over, large amounts of MIC-1 are also present in the amniotic
fluids and placental extracts, increasing in the sera of preg-
nant women. It has been suggested that MIC-1 may promote
fetal survival by suppressing the production of maternally de-
rived proinflammatory cytokines within the uterus (48,49).
Our finding suggests that one of the mechanisms by which
tumor cells can escape host immune surveillance may involve
the expression of the MIC-1 gene. The role of MIC-1 in in-
flammatory processes and as a possible means of escape from
host immune surveillance requires more investigation. 

cDNA array analyses identified two other TRF-sensitive
genes coding for immune system proteins: the FcRn (neona-
tal Fc receptor) and the glycoprotein CD59. FcRn is an MHC
complex class I-related receptor that plays a role both in the
passive delivery of immunoglobulin from the mother to the
fetus during colostrum formation and in the regulation of
serum IgG transport to tissues (50). CD59 is a potent comple-
mentary inhibitor protein. Durrant and Spendlove (51) re-
ported that CD59 binding to the membrane is able to inhibit
the formation of the membrane attack complex (MAC) on the
surface of tumor cells, thus inhibiting the direct cytolytic ac-
tivity of the MAC against tumor cells. Even though more
studies are warranted to understand the role of these immune-
related genes, TRF appears to have the potential to modulate
host immune function in our breast cancer model.

Our study suggests that TRF from palm oil is able to sup-
port the host in fighting tumor growth and spread, possibly
by modulating the immune response. Even though TRF also

provides a significant proportion of tocopherols, previous
studies carried out in vitro have indicated that tocotrienols,
but not tocopherols, significantly affect breast cancer cell
growth (3,4). In a recent study (52) conducted on nude mice
supplemented with tocopherol succinate, the authors showed
reduced tumor incidence when tocopherol succinate was
given intraperitoneally. However, when tocopherol succinate
was given orally, the effect was lost. The authors speculate
that the oral administration failed because, once ingested, vit-
amin E succinate was hydrolyzed to vitamin E.

These reports suggest that the effect on gene expression
we observed in the present study is to be ascribed to toco-
trienols. This could be due to the induction of protein expres-
sion involved in cell growth inhibition, such as IFITM-1.
More studies are needed to test the possibility that toco-
trienols are able to induce the production of interferon in
the host. Tocotrienols may also exert their antitumor effects
by inhibiting the ability of the breast tumor cells to escape
from the host immune system by inhibiting the expression of
CD74/Ii in tumor cells. 
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ABSTRACT: With increasing evidence suggesting the involve-
ment of oxidative stress in various disorders and diseases, the role
of antioxidants in vivo has received much attention. Chemically,
tocopherols and tocotrienols are closely related; however, it has
been observed that they have widely varying degrees of biologi-
cal effectiveness. The present study has been carried out in an at-
tempt to deepen our understanding of whether there is a significant
difference in distribution between tocopherol and tocotrienol ho-
mologs to rat eye tissues. Rats were administered 5 µL of pure to-
copherol or tocotrienol to each eye once a day for 4 d. Various
tissues of the eyes were separated and analyzed for tocopherol
and tocotrienol concentrations. The concentration of α-to-
cotrienol increased markedly in every tissue to which it was ad-
ministered; however, no significant increase was observed in the
case of α-tocopherol. The intraocular penetration of γ-tocopherol
and γ-tocotrienol did not differ significantly. Additionally, a sig-
nificant increase in total vitamin E concentration was observed in
ocular tissues, including crystalline lens, neural retina, and eye
cup, with topical administration using a relatively small amount
(5 µL) of vitamin E, whereas no significant increase was observed
when the same amount of vitamin E was administered orally.
Topical administration of tocotrienols is thus an effective way to
increase ocular tissue vitamin E concentration.

Paper no. L9449 in Lipids 39, 469–474 (May 2004).

Increasing experimental and clinical evidence suggests the in-
volvement of oxidative stress induced by active oxygen and ni-
trogen species in the pathogenesis of various diseases, cancer,
and aging (1). As a consequence, the role of antioxidants has re-
ceived much attention (2–4). Protection against oxidative stress
in ocular tissues is mediated by several antioxidant systems such
as vitamins C and E (5), superoxide dismutases (6), the glu-
tathione system (7), and the thioredoxin system (8). The preven-
tive and therapeutic effects of the administration of vitamin E,
an antioxidant, have been suggested in various types of ocular
diseases in animal models (9–11) and in humans (12–16).

Vitamin E is a generic description for all tocopherol (Toc)
and tocotrienol (Toc-3) derivatives. Toc have a phytyl chain,
whereas Toc-3 have a similar chain but with three double bonds

at positions 3′, 7′, and 11′. Both Toc and Toc-3 have four iso-
mers, designated as α-, β-, γ-, and δ-, which differ by the num-
ber and position of methyl groups on the chroman ring (17). α-
Tocopherol (α-Toc) is the major vitamin E in vivo and exerts
the highest biological activity. Toc are present in polyunsatu-
rated vegetable oils and in the germ of cereal seeds, whereas
Toc-3 are found in the aleurone and subaleurone layers of ce-
real seeds and in palm oils. Although Toc and Toc-3 are closely
related chemically, they have widely varying degrees of bio-
logical effectiveness (18–29). Whereas there are numerous re-
ports on the antioxidant properties of Toc, fewer studies are
available for Toc-3. 

The present study has been carried out to deepen our un-
derstanding of whether there is a significant difference be-
tween the distribution of Toc and Toc-3 homologs to rat ocu-
lar tissues. 

MATERIALS AND METHODS

Materials. Natural 2R-, 4R′-, 8R′-α-, and γ-tocopherol and 2R-
α- and -γ-tocotrienol were kindly supplied by Eisai Co. Ltd.
(Tokyo, Japan). Other chemicals were of the highest grade
available commercially. 

Animals. Male Wistar rats [specific pathogen-free, young
adult (7–9 wk), weighing 200–220 g] were purchased from
Japan SLC, Inc. (Shizuoka, Japan). Rats were housed in groups
and fed a standard laboratory diet (CE-2, containing 0.007 wt%
α-Toc; Nippon Clea Co., Tokyo, Japan), and maintained under
standardized conditions of temperature 22°C and RH (70%).
The light intensity in the colony room of Japan SLC or our lab-
oratory was 300 lux, and that within the cages in our labora-
tory was 20–40 lux. All rats were kept under a 12-h light/dark
cycle (8:00 AM to 8:00 PM in the colony room of Japan SLC,
and 7:00 AM to 7:00 PM in our laboratory). Before the experi-
ments, all animals were checked, and no rat showed ocular
pathology, including corneal ulcer and conjunctivitis. 

Preparation of eye tissues. Rats were administrated Toc,
Toc-3, or stripped corn oil topically or orally. In topical admin-
istration, 5 µL of pure Toc or pure Toc-3 (2.23 ± 0.14 mg) was
applied to each eye once a day for 4 consecutive days. Twenty-
four hours after the last administration, rats were sacrificed
under anesthesia with sodium pentobarbital (30 mg/kg, ip).
After the blood was collected from the inferior vena cava using
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a heparinized syringe, ice-cold PBS was irrigated from the left
ventricle to wash out the blood, and then both eyes as well as
the total brain were rapidly removed. Blood was separated into
erythrocytes and plasma by centrifugation (2400 × g for 10
min). Under a microscope, removed eyes were separated into
cornea, crystalline lens, iris, neural retina, and eye cup, which
consisted of retinal pigment epithelium (RPE), choroid, and
sclera. All of these tissues were weighed immediately as wet
weight. Both eyes from each rat were analyzed for vitamin E
concentrations separately, and mean values from both eyes
were used for the value of each rat. Four animals (8 eyes) were
used for one experimental group. Experimental protocols were
approved by the Animal Welfare, Care and Use Committee of
AIST Kansai.

Analysis of antioxidants. Plasma antioxidants were ex-
tracted by chloroform/methanol (2:1, vol/vol). Ocular tissues
were homogenized with 100 µL PBS (pH 7.4) with pestles and
tubes (Bel-Art Products, Pequannock, NJ) for 4 min. Chloro-
form/methanol (450 µL, 2:1, vol/vol) was added to the homog-
enized suspension, and lipids and vitamin E were extracted by
centrifugation (20,000 × g at 4°C for 20 min) after mixing vig-
orously with a vortex mixer. Brain was also homogenized with
an equal volume of PBS (pH 7.4) by Polytron (PT3100; Kine-
matica AG, Lucerne, Switzerland).Then an aliquot of the solu-
tion was extracted with chloroform/methanol (2:1, vol/vol)
using a volume twice that of the sample. α- and γ-Toc and α-
and γ-Toc-3 were detected using HPLC by an amperometric
electrochemical detector (Nanospace SI-1; Shiseido, Tokyo,
Japan) set at 800 mV, with an ODS column (5 µm, 250 × 4.6
mm; LC-18; Supelco, Tokyo, Japan) and methanol/tert-butyl
alcohol (95:5, vol/vol) containing 50 mM sodium perchlorate
as eluent at 1 mL/min.

Analyses of lipids. Ocular tissues were homogenized in PBS
(pH 7.4) and extracted by chloroform/methanol (2:1, vol/vol)
as mentioned above and PC, PEA, PI, PS, sphingomyelin
(SM), triacylglycerol (TG), and cholesterol (FC) in the chloro-
form layer were measured by using a TLC system equipped
with FID (MK-5; Iatron Laboratories, Tokyo, Japan). Samples
in chloroform solution (2 µL) were spotted onto sintered silica-
gel rods (Chromarod-SIII; Iatron Laboratories) with a Drum-
mond micro dispenser. For the analyses of PC, PE, PI, SM, and
PS, the spotted Chromarods were developed in chloroform/
methanol/water/formic acid (45:25:2.5:1, by vol) at 25°C and
then dried with a blower. The Chromarods were developed
again in hexane/diethyl ether (63:7) at 25°C and then dried at
120°C for 10 min. For the analyses of TG and FC, the spotted
Chromarods were developed in three different eluents, chloro-
form/methanol (1:1, vol/vol), benzene/chloroform/acetic acid
(50:20:0.7, by vol), and hexane/benzene (1:1, vol/vol) at 25°C
and then dried with a blower. The Chromarods were scanned
by FID with a constant hydrogen flow rate of 160 mL/min.

Statistical analyses. All statistical analyses were performed
on a Microsoft personal computer by ANOVA using the Dun-
nett test for multiple comparisons, and P < 0.05 was determined
to be significant. Data were expressed as mean values ± SD.

RESULTS AND DISCUSSION

Table 1 shows the α-Toc and α-Toc-3 distributions to ocular
tissues, blood, and brain following topical administration of α-
Toc or α-Toc-3. The intact rat ocular tissues contain different
concentrations of α-Toc depending on the tissues. It is known
that only α-Toc is selectively and preferentially transferred into
plasma lipoproteins by α-Toc transfer protein (30). The con-
centrations of α-Toc in avascular transparent tissues such as
the cornea and crystalline lens were much lower than those in
the iris, neural retina, and eye cup, which are enriched with
blood vessels. Previous investigators also reported a higher
concentration of α-Toc in the neural retina and RPE in humans
(31) as well as in rats (32), and the concentrations of α-Toc
within these tissues in rats are very sensitive to dietary intake
of vitamin E (32). Accordingly, the difference in vitamin E up-
take from the bloodstream may explain the different vitamin E
concentrations among ocular tissues. 

It can be seen from Table 1 that administration of α-Toc-3
increased its concentrations remarkably in every tissue exam-
ined, although little increase was observed in the case of α-Toc.
Those results suggest that topically applied α-Toc-3 was incor-
porated into the ocular tissues, and that there was a difference
in incorporation between Toc and Toc-3 into ocular tissues after
topical administration. The drug applied as a drop large enough
in size for the conjunctival sac was absorbed into the blood sys-
tem across the conjunctiva or in the nasolacrimal duct or diges-
tive system, and it could penetrate the ocular tissues of both
eyes (33). In Table 1, one can see a slight increase of α-Toc-3
in the plasma (0.61 µM) and brain (0.68 nmol/g-wet tissue) by
its administration, suggesting the possible transfer of α-Toc-3
via the blood system to ocular tissues by means other than di-
rect penetration. 

To clarify the difference in incorporation between Toc and
Toc-3 into ocular tissues and to elucidate the involvement of
the systemic transfer of drugs into ocular tissues, we carried
out additional experiments. The same volume of both γ-Toc
and γ-Toc-3 was simultaneously applied to rats topically or
orally, and vitamin E concentrations in ocular tissues were as-
sessed (Table 2). The concentrations of γ-Toc and γ-Toc-3 in
topically and orally treated rats were increased for almost all
samples analyzed, compared with the controls. Additionally,
the concentrations of both γ-Toc and γ-Toc-3 by topical treat-
ment were much higher in all ocular tissues than those by oral
treatment. In contrast, no difference in concentrations was ob-
served in plasma and brain between topical and oral treatments.
These observations suggest that topically applied γ-Toc and γ-
Toc-3 were absorbed by the blood and that systemic transfer
contributed in part to their incorporation into ocular tissues,
whereas direct penetration contributed mainly to the increase
of vitamin E concentration in the ocular tissues. Compared with
oral treatment with γ-Toc and γ-Toc-3, the increase of γ-Toc-3
in ocular tissues following topical treatment was greater than
that of γ-Toc. For example, the ratio of γ-Toc-3 concentration
for topical/oral administration (0.87 nmol/0.12 nmol = 7.3) in
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TABLE 1
Tissue and Plasma Levelsa of Vitamin E in Rat Eyes by Topical Administrationb

Administration Tissue α-Toc γ-Toc α-Toc-3 [Total T]a/[Total T]c

α-Toc-3 Cornea 3.45 ± 0.31 0.06 ± 0.05 2.42 ± 2.50 1.31
Crystalline lens 0.54 ± 0.21 0.02 ± 0.02 0.13 ± 0.07 1.31
Iris 36.12 ± 24.06 0.36 ± 0.41 3.86 ± 1.93 1.23
Neural retina 44.39 ± 8.97 0.66 ± 0.16 2.61 ± 1.14 1.09
Eye cup 17.56 ± 4.04 0.19 ± 0.22 4.54 ± 1.47 1.17

Plasmab 7.38 ± 0.46 0.26 ± 0.14 0.61 ± 0.15 0.83
Brain 26.45 ± 9.23 0.32 ± 0.29 0.68 ± 0.36 1.02

α-Toc Cornea 4.58 ± 1.30 0.06 ± 0.05 0.02 ± 0.03 1.03
Crystalline lens 0.56 ± 0.19 0.03 ± 0.04 0.01 ± 0.02 1.15
Iris 28.85 ± 9.60 0.23 ± 0.27 0.01 ± 0.01 0.92
Neural retina 35.28 ± 2.42 0.36 ± 0.25 0.05 ± 0.06 0.82
Eye cup 20.38 ± 0.62 0.22 ± 0.29 0.04 ± 0.05 1.08

Plasmab 12.18 ± 1.95 0.19 ± 0.08 ND 1.25
Brain 29.04 ± 9.17 0.32 ± 0.19 0.01 ± 0.01 1.09

None Cornea 4.42 ± 1.47 0.12 ± 0.15 ND
(stripped corn oil) Crystalline lens 0.47 ± 0.09 0.05 ± 0.10 ND

Iris 32.19 ± 6.75 0.61 ± 0.77 ND
Neural retina 43.05 ± 6.95 0.64 ± 0.12 0.06 ± 0.07
Eye cup 18.57 ± 2.92 0.36 ± 0.41 0.13 ± 0.17

Plasmab 9.52 ± 0.71 0.41 ± 0.14 ND
Brain 26.51 ± 11.64 0.38 ± 0.34 0.10 ± 0.06

aPlasma: in µM (n = 4); others: in nmol/g-wet tissue [n = 4 (8 eyes)]. α- and γ-Toc, α- and γ-tocopherol; α-Toc-3, α-tocotrienol; [Total T]a/[Total
T]c, the ratio of the total of Toc plus Toc-3 concentrations [Total T] by administration to that without any administration; ND, not detected.
bPure α-Toc, α-Toc-3, or stripped corn oil (5 µL/eye/d) was administered by drop for 4 d.

TABLE 2
Tissue and Plasma Levelsa of Vitamin E in Rat Eyes Either by Topical Administration or by Mouth

Administration Tissue α-Toc γ-Toc γ-Toc-3 [Total T]a/[Total T]c

γ-Toc + γ-Toc-3 Cornea 3.99 ± 1.02 0.68 ± 0.41 1.03 ± 0.51 1.25
(to eye) Crystalline lens 0.51 ± 0.16 0.24 ± 0.35 0.27 ± 0.31 1.94

Iris 22.47 ± 3.52 2.69 ± 2.06 1.33 ± 1.75 0.81
Neural retina 39.43 ± 5.65 1.36 ± 1.19 0.87 ± 0.75 0.95
Eye cup 17.48 ± 2.54 2.02 ± 0.61 0.80 ± 0.20 1.06

Plasma 7.14 ± 1.06 0.44 ± 0.07 0.06 ± 0.01 0.77
Brain 33.40 ± 4.29 0.64 ± 0.20 0.08 ± 0.05 1.26

γ-Toc + γ-Toc-3 Cornea 3.02 ± 1.09 0.12 ± 0.14 0.05 ± 0.07 0.70
(po) Crystalline lens 0.37 ± 0.03 0.01 ± 0.01 0.01 ± 0.01 0.65

Iris 17.31 ± 3.15 1.39 ± 0.40 0.13 ± 0.16 0.65
Neural retina 23.28 ± 12.59 0.87 ± 1.19 0.12 ± 0.09 0.69
Eye cup 14.54 ± 1.45 0.99 ± 0.37 0.18 ± 0.15 1.49

Plasma 5.27 ± 0.59 0.39 ± 0.12 0.05 ± 0.02 0.83
Brain 26.69 ± 6.21 0.45 ± 0.16 ND 1.35

Stripped corn oil Cornea 4.52 ± 1.36 ND ND
(po) Crystalline lens 0.59 ± 0.35 ND ND

Iris 29.18 ± 12.68 ND ND
Neural retina 35.45 ± 4.79 ND ND
Eye cup 10.55 ± 1.87 ND ND

Plasma 6.68 ± 0.43 0.20 ± 0.08 ND
Brain 19.81 ± 1.50 0.36 ± 0.23 ND

aPlasma: in µM (n = 4); others: in nmol/g-wet tissue [n = 4 (8 eyes)].
bPure γ-Toc and γ-Toc-3 (2.5 + 2.5 µL eye/d) were administered by drop for 4 d. Pure γ-Toc and γ-Toc-3 (5 + 5 µL) were diluted with 2 mL stripped
corn oil and administered by mouth for 4 d; po, per os (by mouth); for other abbreviations see Table 1.



neural retina was much higher than that of γ-Toc (1.36
nmol/0.87 nmol = 1.6). These tendencies of a higher ratio of
Toc-3 than Toc after topical administration were observed in
other ocular tissues as shown in Tables 1 and 2. The results sug-
gest that the ways by which Toc and Toc-3 were incorporated
into ocular tissue differ and that direct distribution makes a
greater contribution in Toc-3 than in Toc after topical adminis-
tration. It has been pointed out that α-Toc-3 is more readily in-
corporated into lipid particles (34) and cultured cells (26–28)
than α-Toc. Thus, the difference in cellular membrane penetra-
tion may explain the difference of incorporation between Toc-
3 and Toc just described.

Two main routes of direct penetration of topically applied
drug into the ocular tissues already have been reported; one is
the corneal route formed by the cornea, anterior chamber, lens,
and uveal tissues, and the other is the conjunctival route formed
by the conjunctiva, sclera, choroid, retinal pigment epithelial
layer, and neural retina (33). With the topical administration of
α-Toc-3 (Table 1) and simultaneous administration of γ-Toc
and γ-Toc-3 (Table 2), the increases of α-Toc-3 and γ-Toc-3,
respectively, were relatively small in the lens compared with
other ocular tissues. This may suggest that both the corneal and
conjunctival routes can contribute to the incorporation of Toc-
3 into ocular tissues, whereas the conjunctival route may con-
tribute predominantly to the incorporation of Toc-3 into the
posterior segment of ocular tissues. 

To elucidate the effect of lipid concentrations on the pene-
trations of Toc and Toc-3, the lipids of ocular tissues after the
topical treatment with corn oil also were analyzed. As shown
in Figure 1, higher concentrations of total lipids in the iris and
neural retina were observed than in the cornea, crystalline lens,
and eye cup. Interestingly, the concentrations of vitamin E in-
corporated into ocular tissues after topical administration were

not necessarily dependent on the total lipid concentrations.
High concentrations of Toc and Toc-3 in the eye cup, which
contains lower concentrations of lipids than the iris and neural
retina, may explain the conjunctival route mentioned above.
The lipids of ocular tissues after the topical treatment of Toc
and/or Toc-3 also were assessed; however, there was little dif-
ference between kinds of administration and vitamin E proper-
ties (data not shown). Further study is needed on the roles of
Toc and Toc-3 and their effects on lipid distribution in ocular
tissues.

In monkeys and in rats, vitamin E deficiency results in reti-
nal degeneration (35,36). In the rhesus monkey, the concentra-
tion of vitamin E in retina-RPE-choroid declines to a minimum
near the foveal crest (37), and it has been postulated that this
minimum results in the vulnerability in this area (38). In rat
models of cataract (an opacity of crystalline lens), an increment
of vitamin E concentration in lens tissue was related to the pre-
vention of cataract genesis. In any event, the concentration of
vitamin E in ocular tissues is closely related to their integrity.
As shown in Table 1, the increase of total Toc and Toc-3 con-
centrations, [Total T], in ocular tissues was more remarkable in
topical administration of α-Toc-3 (1.09- to 1.31-fold compared
with topically stripped corn oil-treated rats) than those in topi-
cal administration of α-Toc (0.82- to 1.15-fold). As shown in
Table 2, increases of Total T in ocular tissues were much higher
in rats that were topically treated with γ-Toc and γ-Toc-3 (0.77-
to 1.94-fold compared with topically stripped corn oil-treated
rats) than rats that were orally treated with γ-Toc and γ-Toc-3
(0.65- to 1.49-fold compared with orally stripped corn oil-
treated rats). These results suggest that the topical administra-
tion of Toc-3 may be effective for the prevention of ocular
pathology such as retinal degeneration induced by vitamin E
deficiency and experimental cataract in rats. 
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FIG. 1. Concentrations of lipids in ocular tissues after topical administration of corn oil for 4 d (5
µL for both eyes). For experimental protocol see the Materials and Methods section. Data are
shown as mean ± SD [n = 4 (8 eyes)]. FC, cholesterol; TG, triacylglycerol; total, PC+PEA+FC+TG. 
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ABSTRACT: We have recently shown that α-eleostearic acid
(α-ESA), a conjugated linolenic acid, has a stronger antitumor
effect than conjugated linoleic acid (CLA), both in vitro and in
vivo. In this study, the oxidative stability of α-ESA was exam-
ined compared with linoleic acid (LA), α-linolenic acid (LnA),
and CLA. Thin layers of the FA (LA, 9Z,11E-CLA, 10E,12Z-CLA,
LnA, and α-ESA) were auto-oxidized at 37°C, and the FA re-
maining, the absorbed oxygen volume, the lipid hydroperoxide
content, and the TBARS content were determined. The oxida-
tion rate of α-ESA was faster than that of the unconjugated FA
and CLA (9Z,11E-CLA and 10E,12Z-CLA). However, the lipid
hydroperoxide and TBARS contents following α-ESA oxidation
were low, suggesting production of only small amounts of
rapid-reacting secondary oxidation products. Furthermore, the
oxidative stability of conjugated FA (CLA and CLnA) in which
the carboxylic acid group was esterified with triacylglycerol was
greater than that of the FFA. Addition of an antioxidant (α-to-
copherol) also increased the stability of the conjugated FA to a
level similar to that of the unconjugated FA. 

Paper no. L9394 in Lipids 39, 475–480 (May 2004).

FA with conjugated double bonds exist in nature, but they
occur only in small quantities. A conjugated linoleic acid
(CLA; 18:2) (Fig. 1), a geometrical and positional isomer of
linoleic acid (LA; 9Z,12Z-18:2), is found in dairy products
such as milk and cheese and is also present in beef (1,2). It
has been reported that CLA has very useful bioactive proper-
ties, including anticancer and anti-obesity activity (1,3–5).
The bioactivity of CLA was initially considered to be associ-
ated with antioxidant action, and Ha et al. (1) described the
antioxidant properties of CLA in an animal study. However,
from an in vitro study, Van Den Berg et al. (6) suggested that
CLA is a pro-oxidant. Subsequently, the oxidative stability of
CLA was examined under various conditions (7–11). CLA in

the FFA form was found to be extremely unstable; its stabil-
ity is similar to that of DHA and its oxidation rate is consid-
erably greater than that of LA, linolenic acid (LnA), and ara-
chidonic acid (8,10). 

Many conjugated FA other than CLA exist in nature. The
seeds of some plants include conjugated triene and tetraene
FA such as α-eleostearic acid (α-ESA; 9Z,11E,13E-18:3),
calendic acid (8E,10E,12Z-18:3), and parinaric acid
(9Z,11E,13E,15Z-18:4) (12,13) (Fig. 1), and seaweeds such
as red and green algae include highly unsaturated conjugated
FA, i.e., bosseopentaenoic acid (5Z,8Z,10E,12E,14Z-20:5)
and stellaheptaenoic acid (4Z,7Z,9E,11E,13Z,16Z,19Z-22:7)
(14–16). These conjugated FA have not been investigated in
detail, compared with CLA. Hence, we have an interest in the
potential bioactivity of these conjugated FA, and we antici-
pate that they may show a higher bioactivity than CLA
(17–21). A FA mixture containing a large amount of conju-
gated triene FA that were prepared from alkali isomerization
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FIG. 1. Chemical structures of LA, 9Z,11E-CLA, 10E,12Z-CLA, α-LnA,
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18:3; α-ESA, α-eleostearic acid: 9Z,11E,13E-18:3.



of LnA (18:3), EPA (20:5), and DHA (22:6) had a stronger
cytocidal effect on human cultured tumor cells than that of
CLA, with the proposed mechanism being apoptosis induc-
tion via lipoperoxidation (17,18,20). In contrast, the tumori-
cidal effect of CLA does not occur via lipoperoxidation (22).
Recently, we found in both in vivo and in vitro studies that α-
ESA, which is found in tung (Aleurites fordii) and bitter
gourd (Momordica charantia) seeds in large amounts, had a
stronger antitumor effect than CLA (21). Furthermore,
lipoperoxidation was significantly involved in this bioactiv-
ity. These results suggested that the bioactivities of conju-
gated FA may be related to oxidation, and evaluating the ox-
idative stability of such conjugated FA is therefore important. 

In this study, the oxidative stabilities of conjugated linole-
nic acid (CLnA), CLA, LA, and α-LnA were compared. These
FA were prepared in a tube and auto-oxidized at 37°C. To
evaluate the oxidative stability, the following items were de-
termined: the remaining FA content, to evaluate the stability
of the FA themselves; the absorbed oxygen volume, to evalu-
ate the reactivity with oxygen; the lipid hydroperoxide (the
first oxide of a PUFA) content, using a ferrous oxidation in
xylenol orange (FOX) assay; and the secondary oxide con-
tent, using a thiobarbituric acid (TBA) test. On the assump-
tion that CLnA may be used in foods, we investigated the ox-
idative stability of the triacylglycerol (TG) ester form of
CLnA, and we also examined the oxidative stability in the
presence of α-tocopherol (α-Toc), an antioxidant. 

EXPERIMENTAL PROCEDURES

Materials. Margaric acid (17:0), LA (18:2n-6), α-LnA (18:3n-3),
BHT, and DL-α-Toc were obtained from Sigma Chemical Co.
(St. Louis, MO). 9Z,11E-CLA (98% purity) and 10E,12Z-
CLA (98% purity) were obtained from Cayman Chemical Co.
(Ann Arbor, MI). α-ESA (98% purity) was obtained from
Larodan Fine Chemicals AB (Malmö, Sweden). Safflower
oil, perilla oil, and TG-containing CLA (CLA-TG: approxi-
mately 80% of the acyl groups of TG were associated with
the CLA) were provided by Rinoru Oil Mills Co. Ltd.
(Nagoya, Japan). Tung oil was provided by Nippon Oil and
Fats Co. Ltd. (Tokyo, Japan). 

Oxidation study of FFA. One-half milligram of a given FA
(LA, 9Z,11E-CLA, 10E,12Z-CLA, LnA, α-ESA) and 0.25 mg
of margaric acid (internal standard) were spread thinly onto the
bottom of a 10-mL opaque glass tube by blowing nitrogen gas
over the FA. The tube was kept at room temperature for 10 min,
then sealed with a rubber stopper and incubated in a dark room
at 37°C for 0 to 24 h. After incubation, the oxidative reaction
was terminated by the addition of 0.5 mL of BHT solution (1
mM in hexane). The following items were determined: volume
of oxygen absorbed from the air in the tube, using a headspace
gas assay; the remaining FA content, using GC analysis; the
lipid hydroperoxide content, using a FOX assay; and the sec-
ondary oxide content, using a TBA test.

Headspace gas assay. Using the headspace gas in the tube,
we determined the oxygen volume absorbed by the FA by
using a GC-4C gas chromatograph (Shimadzu, Kyoto, Japan).
A thermal conductivity detector, a 5 Å molecular sieve stain-
less steel column (200 × 0.3 cm i.d.), and helium as carrier
gas were used. The temperatures of the injector and detector
were set at 100 and 90°C, respectively, and the temperature
of the oven was raised from 80 to 90°C at 5°C/min and then
held at 90°C. The absorbed oxygen volume was calculated
from the ratio of oxygen to nitrogen.

GC analysis. The remaining FA content was determined
using a 353B gas chromatograph (GL Sciences Inc., Tokyo,
Japan), using a previously reported method (19,23). In the
FAME preparation, trimethylsilyldiazomethane solution (23,24)
and NaOCH3/MeOH (23,25) were used for FFA and TG, re-
spectively.

FOX assay. The lipid hydroperoxide content in 100 µL of
solution was determined using the FOX assay (26).

TBA test. The secondary oxide content in a 100-µL solu-
tion was determined using the TBA test (19,27).

Preparation of TG samples. For the TG samples, safflower
oil (LA-TG), perilla oil (LnA-TG), CLA-TG, and tung oil
(CLnA-TG) were used as the TG-protected forms of LA,
LnA, CLA, and CLnA, respectively. The composition of the
FA was determined using GC analysis (Table 1). Before use,
tocopherol was removed from the oils using an alumina col-
umn to adjust the tocopherol content in the samples (28). The
tocopherol content was determined using HPLC with a fluo-
rescence detector (29), and was found to be 6.7, 6.7, 6.5, and
6.9 mg/100 g in safflower oil, CLA-TG, perilla oil, and tung
oil, respectively.

Oxidation study of TG samples. For each TG sample, (LA-
TG, CLA-TG, LnA-TG, and CLnA-TG), 0.5 mg of TG and 0.25
mg of margaric acid (internal standard) were spread thinly onto
the bottom of a 10-mL opaque glass tube by blowing nitrogen
gas over the sample plus standard. The tube was kept at room
temperature for 10 min, and then sealed with a rubber stopper
and incubated in a dark room at 37°C for 0 to 14 d. After incuba-
tion, 0.5 mL of BHT solution (1 mM in hexane) was added to
terminate the oxidative reaction. The remaining FA content was
determined using GC analysis, and the degraded secondary prod-
uct content was determined using a TBA test.

Antioxidant study. For each TG sample (LA-TG, CLA-TG,
LnA-TG and CLnA-TG), 0.5 mg of TG, 0.5 µg of α-Toc, and
0.25 mg of margaric acid (internal standard) were spread
thinly onto the bottom of a 10-mL opaque glass tube by blow-
ing nitrogen gas over the mixture. By using the same proce-
dures as above, the remaining FA content was determined
using GC analysis, and the degraded secondary product con-
tent was determined using a TBA test.

Statistics. Statistical analysis was performed using one-
way ANOVA, followed by the Newman–Keuls test for multi-
ple comparisons among several groups. A difference was con-
sidered to be significant at P < 0.05.
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RESULTS

Oxidation of FFA. Use of α-ESA in foods requires it to be sta-
ble. Hence, the oxidative stability of α-ESA was examined in
comparison with unconjugated FA (LA and LnA), and whether
α-ESA is converted to CLA was also considered. The CLA iso-
mers 9Z,11E-CLA and 10E,12Z-CLA, the main compounds
produced in the preparation of CLA from LA using an alkali
isomerization procedure, and the CLnA isomer α-ESA
(9Z,11E,13E-18:3), which is a component of tung oil, were
used. To evaluate the oxidative stability of the FA (LA, 9Z,11E-
CLA, 10E,12Z-CLA, LnA, α-ESA), the following items were
determined: the remaining FA content, to evaluate the stability
of the FA themselves; the oxygen volume absorbed, to evalu-
ate the reactivity of the FA with oxygen; the lipid hydroperox-
ide (the first oxide formed from a PUFA) content; and the sec-
ondary oxide content. The contents of remaining 10E,12Z-
CLA, 9Z,11E-CLA, LnA, and LA after 24 h were 20, 40, 45,
and 65%, respectively (Fig. 2A). α-ESA was not detected after
24 h. A comparison between conjugated and unconjugated FA
with the same number of double bonds showed that the conju-
gated FA content declined more rapidly, and FA with more
double bonds also degraded faster. The FA content following
oxidation of 9Z,11E-CLA decreased more slowly than for
10E,12Z-CLA oxidation. After α-ESA incubation for 24 h at
37°C, CLA was not detected. The oxygen volume absorbed by
each FA followed a trend very similar to that of the remaining
FA content (Figs. 2A, 2B). However, the oxygen volume ab-
sorbed per molecule of conjugated FA seemed to be less than
that for unconjugated FA (Fig. 2B). There was no great differ-
ence in the oxygen volume absorbed following LnA and α-ESA
incubation for 24 h. The lipid hydroperoxide content and the
TBARS content were largest for LnA, followed by LA (Figs. 2C,
2D). Little or none of these substances was produced by con-
jugated FA oxidation. These results show that the oxidative
stability of α-ESA was inferior to that of CLA, LA, and LnA.
Oxidation products of α-ESA included small amounts of lipid
hydroperoxides and highly reactive aldehydes.

Oxidation of TG samples. Using α-ESA in its FFA form
may be impractical because of its low oxidative stability. To
overcome this problem, α-ESA in its TG ester form may be
more suitable, and therefore the oxidative stability of the TG-
form of α-ESA was compared with that of unconjugated FA
and CLA by means of the remaining FA and TBARS content.
A safflower oil containing LA as 78.4% of the total FA content
was esterified with TG, yielding LA-TG. Similarly, perilla oil

OXIDATIVE STABILITY OF CONJUGATED FATTY ACIDS 477

Lipids, Vol. 39, no. 5 (2004)

TABLE 1
FA Composition of Sample Oilsa

LA-TG CLA-TG LnA-TG CLnA-TG
(safflower oil) (perilla oil) (tung oil)

FA (%) (%) (%) (%)

16:0 7.7 4.4 5.9 4.6
18:0 2.2 2.2 1.4 4.5
18:1n-9 11.7 14.4 13.9 9.9
18:2n-6 78.4 1.1 16.0 6.1
9Z,11E-CLA —b 34.2 — —
10E,12Z-CLA — 38.5 — —
Other CLA — 5.2 — —
18:3n-3 — — 62.8 —
α-ESA — — — 72.1
β-ESA — — — 2.8
aThe FAME, prepared from TG samples, were analyzed by GC. 
b—, not detected (below 0.1%). LA, linoleic acid; TG, triacylglycerol; LnA, linolenic acid; CLnA, conjugated linolenic acid;
ESA, eleostearic acid.

FIG. 2. Thin-film oxidation of FA (LA, 9Z,11E-CLA, 10E,12Z-CLA, LnA,
and α-ESA) in an air atmosphere (0.5 mg/10 mL test tube) at 37°C for
0–24 h. Changes in unoxidized FA (A), oxygen absorption (B), lipid hy-
droperoxide (LOOH) formation (C), and TBARS (D) are shown. Values
are means ± SD (n = 6). For abbreviations see Figure 1.



with an LnA content of 62.8% (LA + LnA = 78.8%), CLA-TG
with a CLA content of 77.9% (LA + CLA = 79.0%), and tung
oil with a CLnA content of 74.9% (LA + ESA = 81.0%) were
esterified and used as samples that are referred to as LnA-TG,
CLA-TG, and CLnA-TG, respectively (Table 1). TG ester sam-
ples in which the amount of FA with two double bonds or more
was close to 80% were selected. The oxidative stability of the
FA following TG esterification of the carboxyl group was
greatly increased (Figs. 2, 3). The remaining FA content was
reduced to 80% of the initial content approximately 10-, 8-, 10-,
and 10-fold more slowly than in the oxidation of the unpro-
tected FA LA, CLA, LnA, and CLnA, respectively (Figs. 2A,
3A). However, the oxidative stabilities of the TG-protected
conjugated FA were inferior to those of the TG-protected un-
conjugated FA (Fig. 3A). For the unconjugated FA LA-TG and
LnA-TG, the oxidation rate rapidly increased around day 6, but
the conjugated FA CLA-TG and CLnA-TG were oxidized con-
tinuously at a constant rate. After incubation of CLnA-TG that
included a large amount of α-ESA for 14 d at 37°C, CLA was
not detected. After oxidation of the TG-protected conjugated
FA, the TBARS content, a measure of the secondary oxide con-
tent, was less than that for the TG-protected unconjugated FA
(Fig. 3B), following a trend similar to that seen for the FFA.

Addition of an antioxidant. Compared with unconjugated
FA, the oxidative stability of conjugated FA is insufficient for
their use in foods. Therefore, α-Toc, an antioxidant, is typi-
cally added to improve the oxidative stability of conjugated
FA. Safflower and perilla oils available from retail sources
contain approximately 0.1% tocopherol, and therefore α-Toc
was added to each TG sample (LA-TG, CLA-TG, LnA-TG,
and CLnA-TG) at 0.1% of the sample weight. The samples
were then auto-oxidized at 37°C, as described above, and the
oxidative stability was evaluated from the remaining FA con-
tent and the TBARS content. Addition of α-Toc markedly im-
proved the oxidative stability of the TG-protected FA (Fig.
4), and these samples had barely undergone oxidation on day
6 (Figs. 4A, 4C). On day 12, CLA-TG showed the highest ox-
idative stability of the four TG-protected FA (Figs. 4B, 4D).

In particular, CLA-TG showed superior oxidative stability to
LA-TG. The oxidative stability of CLnA-TG was similar to
that of LnA-TG. 

DISCUSSION

We have recently found in both in vivo and in vitro studies that
α-ESA, a CLnA, has a stronger antitumor effect than CLA
(21). In this study, the oxidative stability of α-ESA was exam-
ined using LA, LnA, and CLA as controls. On the basis of the
remaining FA content and the volume of absorbed oxygen,
conjugated FA (CLA and α-ESA) appear to be oxidized ex-
tremely easily (Fig. 2). However, they are still oxidized less
than the equivalent unconjugated FA, based on the lipid hy-
droperoxide and TBARS content after oxidation (Fig. 2). The
oxidative stability of CLA was similar to that previously re-
ported (9,11). In comparing the two CLA isomers, 9Z,11E-
CLA had a better oxidative stability than 10E,12Z-CLA (Fig.
2). This result suggests that the oxidation rate of CLA depends
on the position of the double bond. Similarly to CLA, oxida-
tion of α-ESA did not increase the lipid hydroperoxide and
TBARS contents, suggesting that α-ESA causes little oxida-
tive stress to organisms, again similarly to CLA. In this con-
text, we note that there were no significant differences in the
lipid hydroperoxide and TBARS levels in the liver and plasma
of rats that were given feed containing 1% LA, CLA, LnA, or
CLnA for 4 wk (19).

The oxidation rate of α-ESA was much faster than that of
the two CLA isomers. For the use of α-ESA in foods, the TG

478 T. TSUZUKI ET AL.

Lipids, Vol. 39, no. 5 (2004)

FIG. 3. Oxidation of triacylglycerol (TG) samples (LA-TG, CLA-TG, LnA-
TG, and CLnA-TG) in an air atmosphere (0.5 mg/10-mL test tube) at 37°C
for 0–14 d. Changes in unoxidized fatty acids (A) and TBARS (B) are
shown. Values are means ± SD (n = 6). For abbreviations see Figure 1.

FIG. 4. Oxidation of TG samples (0.5 mg/10-mL test tube) in the pres-
ence of α-tocopherol (Toc). α-Toc (0.1%) was added to the TG samples,
and the mixtures were left to stand in an air atmosphere at 37°C for 6 d
and for 12 d. The changes in unoxidized FA after 6 d (A) and 12 d (B),
and TBARS after 6 d (C) and 12 d (D), are given. Values are means ± SD
(n = 6). For abbreviations see Figures 1 and 3.



form of α-ESA may be more suitable; therefore, the oxidative
stability of the TG-form of α-ESA was compared with that of
unconjugated FA and CLA. For both the conjugated and un-
conjugated FA, the oxidation rate of the TG samples was
slower by approximately 10-fold compared with that of the
FFA samples (Fig. 3). The oxidative stability of CLnA-TG was
not higher than that of LnA-TG, but the results generally sug-
gest that the oxidative stability of conjugated FA is improved
by protecting the carboxylic acid group through esterification.
To increase the oxidative stability of CLnA still further, α-Toc,
a fat-soluble antioxidant, was added at 0.1% of sample weight.
As a result, the oxidative stability of CLnA-TG was increased
to that of LnA-TG (Fig. 4).

In our previous study, CLA was detected in rats after 4 wk
of α-ESA administration, and we found that α-ESA was satu-
rated to CLA (19). This metabolic mechanism is under investi-
gation, and in this study we have confirmed that α-ESA cannot
be converted to CLA without the presence of an enzyme. 

We previously found in both in vivo and in vitro studies
that α-ESA had a much stronger antitumor effect than CLA
(21). The mechanism of this antitumor effect involved α-ESA
induction of apoptosis via lipoperoxidation. Furthermore, α-
ESA induced lipoperoxidation only in tumor cells and had no
effect on normal cells; it was concluded that either α-ESA it-
self or an oxidative product was specifically involved with
lipoperoxidation in tumor cells. Results of detailed studies on
CLA oxides have produced interesting results, such as their
conversion into furan FA (11,30). We have shown that the an-
titumor effect of CLA is not correlated with lipoperoxidation
(21,22). The results of the present study suggest that α-ESA
oxidation may occur through a process similar to that of oxi-
dation of CLA but that the α-ESA oxides may differ from the
CLA oxidation products. Further studies of α-ESA oxidation
are required to clarify this issue. 

The results of this study showed that α-ESA in its FFA
form was easily oxidized, suggesting that use of the FFA form
of α-ESA in foods or medicines would result in oxidation be-
fore absorption, and would not allow for beneficial bioactiv-
ity. Using α-ESA in its TG ester form and in the presence of
an antioxidant significantly improved its stability, and such a
formulation of α-ESA may allow the retention of stability
prior to absorption.
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ABSTRACT: Dietary oils—tuna, salmon, cod liver, soybean,
olive, and corn oils—were treated with accelerated storage con-
ditions (60°C for 3 and 7 d) and a cooking condition (200°C for
1 h). Genotoxic malonaldehyde (MA), glyoxal, and methylgly-
oxal formed in the oils were analyzed by GC. Salmon oil pro-
duced the greatest amount of MA (1070 ± 77.0 ppm of oil)
when it was heated at 60°C for 7 d. The highest formation of
glyoxal was obtained from salmon oil heated at 60°C for 3 d.
More glyoxal was found from salmon and cod liver oils when
they were heated for 3 d (12.8 ± 1.10 and 7.07 ± 0.19 ppm, re-
spectively) than for 7 d (6.70 ± 0.08 and 5.94 ± 0.38 ppm, re-
spectively), suggesting that glyoxal underwent secondary reac-
tions during a prolonged time. The amount of methyglyoxal
formed ranged from 2.03 ± 0.13 (cod liver oil) to 2.89 ± 0.11
ppm (tuna oil) in the fish oils heated at 60°C for 7 d. Among
vegetable oils, only olive oil yielded methylglyoxal (0.61 ± 0.03
ppm) under accelerated storage conditions. When oils were
treated under cooking conditions, the aldehydes formed were
comparable to those formed under accelerated storage condi-
tions. Fish oils produced more MA, glyoxal, and methylglyoxal
than did vegetable oils because the fish oils contained higher
levels of long-chain PUFA, such as EPA and DHA, than did the
vegetable oils. A statistically significant correlation (P < 0.05)
between the α-tocopherol content and the oxidation parame-
ters was obtained from only MA and fish oils heated at 60°C for
3 d.

Paper no. L9465 in Lipids 39, 481–486 (May 2004).

It is well known that oxidative damage, in particular, lipid
peroxidation, is strongly associated with various diseases (1).
Also, the effects of lipid peroxidation on food quality and
food safety have been reported (2,3). In addition, many re-
ports have appeared on the toxicity of oxidized fats and the
formation of toxic compounds from oxidized oils (4–6). For
example, oxidized methyl linoleate, containing 4-hydroxy-2-
nonenal as the major component, caused lymphocyte necro-
sis in the thymus and Peyer’s patches in mice (7). Palm oil
oxidized by heat caused reduced rates of pregnancy (by 55%)
in rats (8). Lipid peroxidation yields reactive oxygen species
(ROS) such as the hydroxyl radical, which leads to the for-
mation of toxic chemicals from lipids, including malonalde-
hyde (MA). The toxicity of lipid peroxidative products is

caused by the interaction of these secondary products, such
as MA, rather than ROS directly, because ROS are not read-
ily absorbed by the intestines (9). 

Among the many products of lipid peroxidation, dicar-
bonyl compounds, such as MA, glyoxal, and methylglyoxal,
have received much attention because they are implicated in
various diseases (10,11). Pancreatic lesions consisting pri-
marily of atrophied exocrine cells with loss of zymogen gran-
ulation occurred in 8-wk-old female Swiss mice that received
500 µg MA/g body weight (12). Methylglyoxal is also re-
ported to have biological implications (13). Development of
stomach neoplasms was observed in 6% of experimental ani-
mals (mice) that were administered 10 µg MA/g body weight
(14). Methylglyoxal inhibited protein, DNA, and RNA syn-
thesis in villus and crypt cells as well as colonocytes (15). A
study using outbred male Wistar rats indicated that glyoxal
exerts tumor-promoting activity on rat glandular stomach car-
cinogenesis (16). These reports clearly indicate that some di-
carbonyl compounds produced from lipids by oxidation
caused genotoxicities in experimental animals.

In the present study, genotoxic MA, glyoxal, and methyl-
glyoxal formed in oxidized dietary oils were analyzed by GC
to assess the role of these compounds in food safety.

MATERIALS AND METHODS

Chemicals and reagents. BHT, MA tetrabutylammonium salt,
α-tocopherol, SDS, 1,2-phenylenediamine, and methylhy-
drazine were purchased from Sigma Chemical Co. (St. Louis,
MO). Starch solution (1%) and 0.01 N sodium thiosulfate so-
lution were bought from LabChem, Inc. (Pittsburgh, PA).
Standard quinoxaline and 2-methylquinoxaline were synthe-
sized by a previously reported method (17).

Dietary oils. Olive oil, soybean oil, corn oil, tuna oil, cod
liver oil, and salmon oil were provided by Arista Industries,
Inc. (Wilton, CT). 

Oxidation of oils. An oil (1 g) was heated in an 8-mL
amber vial at 60°C for 3 and 7 d using a thermostatic oven
(Precision, Jouan, Inc., Winchester, VA). A tightly Teflon-
sealed cap was used in an 8-mL amber vial to prevent the
escape of volatile MA, glyoxal, and methylglyoxal during
storage. The same oil was also heated to 200°C for 1 h under
aerobic conditions. The oxidized samples were kept in a
freezer (–5°C) until analysis.

Measurement of PV of oxidized oils. PV were measured
according to AOAC method 965.33 with minor modifications
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(18). An oil (100 µL) was mixed with 10 mL of
chloroform/acetic acid (2:3, vol/vol) and 0.5 mL of aqueous
saturated potassium iodide in a 25-mL Erlenmeyer flask.
After the mixture was shaken for 1 min, deionized water (10
mL) and 0.5 mL of a 1% starch solution were added. The so-
lution was titrated with 0.01 N sodium thiosulfate solution. A
blank determination was conducted daily and was subtracted
from a sample titration. The PV was calculated as

milliequivalents to moles of O2 (mequiv O2/kg) 
= S × N × 1000/g of sample [1]

where S = amount of sodium thiosulfate solution used (mL),
and N = normality of thiosulfate solution.

Analysis of α-tocopherol in oils. An oil (100 µL) was dis-
solved into 0.5 mL of 2-propanol. The solution was placed in
a C18 solid-phase extraction (SPE) cartridge (Varian, Harbor
City, CA) and then eluted with 5 mL of methanol under re-
duced pressure using a vacuum manifold (Alltech Associates,
Inc., Deerfield, IL). The SPE cartridge was preconditioned by
rinsing with 1 vol each of ethyl acetate and methanol, in a se-
ries, prior to use. The eluent was concentrated under a puri-
fied nitrogen stream to 0.5 mL in volume. α-Tocopherol was
analyzed by a Waters Model 501 HPLC equipped with a Cap-
cell Pak C18 reversed-phase column (Shiseido Inc., Tokyo,
Japan) and a UV detector (set at 290 nm). The flow rate of the
methanol mobile phase was 1.0 mL/min with an isocratic
mode. The sample injection volume was 20 µL.

Analysis of MA. MA was analyzed after it was derivatized
into 1-methylpyrazole (1-MP) by a method slightly modified
from previous reports (19–21). An aqueous solution (5 mL)
containing 100 µL of an oxidized or nonoxidized oil (blank),
0.5 mL of 1% SDS, and 30 µL of methylhydrazine was stirred
with a magnetic stirrer at room temperature for 1 h. The reac-
tion solution was placed in a C18 SPE cartridge and then
eluted with 5 mL of ethyl acetate under reduced pressure. The
SPE cartridge was preconditioned by rinsing with 1 vol each
of ethyl acetate, methanol, and deionized water, in series,
prior to use. The eluent was concentrated under a purified ni-
trogen stream to 0.5 mL. The volume of the ethyl acetate elu-
ent was brought to 5 mL with ethyl acetate, and then 10 µL
of 2-methylpyrazine solution (10 mg/mL ethyl acetate) was
added as a GC internal standard. MA was analyzed as 1-MP
by GC with a nitrogen phosphorus detector (NPD) (refer to
the subsequent Instrumentation section for the detailed GC
conditions). A typical gas chromatogram of ethyl acetate ex-
tract obtained from salmon oil stored at 60°C for 7 d is shown
in Figure 1. A gas chromatograph/mass spectrometer (GC/MS)
was used to confirm the identity of the 1-MP. The mass spec-
tral data of 1-MP are as follows: m/z (relative intensity) = 82
[M+, 100], 54 [31], 53 [14], and 41 [14]. 

Analysis of glyoxal and methylglyoxal. Glyoxal and
methylglyoxal were analyzed after they had been derivatized
into quinoxaline and 2-methylquinoxaline, respectively, by a
method slightly modified from previous reports (17). An
aqueous solution (5 mL) containing 100 µL of an oil, 0.5 mL

of aqueous 1% SDS solution, and 100 µL of 1,2-phenylene-
diamine solution (10 mg/mL), in which the pH was adjusted
to 7.0 with 0.1 N sodium hydroxide solution, was stirred with
a magnetic stirrer at room temperature for 2 h. The reaction
solution was loaded onto a C18 SPE cartridge and then eluted
with 5 mL of ethyl acetate under reduced pressure. The SPE
cartridge was preconditioned by rinsing with 1 vol each of
ethyl acetate, methanol, and deionized water, in series, prior
to use. The eluent was condensed to 1.5 mL in volume with a
purified nitrogen stream. After 20 µL of 2-methylpyrazine so-
lution (0.2 mg/mL ethyl acetate) was added as a GC internal
standard, the solution was brought to 2 mL in volume with
ethyl acetate. Glyoxal and methylglyoxal were analyzed as
quinoxaline and 2-methylquinoxaline by GC with an NPD
(refer to the subsequent Instrumentation section for detailed
GC conditions). A typical gas chromatogram of ethyl acetate
extract obtained from salmon oil stored at 60°C for 3 d is
shown in Figure 2. A GC/MS was used to confirm the iden-
tity of quinoxaline and 2-methyl quinoxaline. The mass spec-
tral data of quinoxaline are as follows: m/z (relative intensity)
= 130 [M+, 100], 103 [61], 76 [49], and 50 [21]. The mass
spectral data of 2-methylquinoxaline are as follows: 144 [M+,
100], 117 [81], 76 [41], and 50 [23]. 

Recovery efficiency test of MA from SPE. An aqueous so-
lution (5 mL) containing 100 mM of MA tetrabutylammo-
nium salt, 2 mL of phosphate buffer (pH 7.4), and 10 µL of
methylhydrazine was stirred for 1 h at room temperature
using a magnetic stirrer. The reaction solution was loaded
onto a C18 SPE cartridge and then eluted with 5 mL of ethyl
acetate under reduced pressure. The SPE cartridge was pre-
conditioned by rinsing with 1 vol each of ethyl acetate,
methanol, and deionized water, in series, prior to use. After
10 µL of 2-methylpyrazine solution (10 mg/mL ethyl acetate)
was added as a GC internal standard, the solution was brought
to 5.0 mL in volume with ethyl acetate. Glyoxal and methyl-
glyoxal were analyzed as quinoxaline and 2-methylquinoxa-
line by GC with an NPD.
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FIG. 1. A typical gas chromatogram of the ethyl acetate extract obtained
from salmon oil heated at 60°C for 7 d (see Materials and Methods sec-
tion for GC conditions). Malonaldehyde was determined as 1-
methylpyrazole (retention time of 8.079 min).



Recovery efficiency test of glyoxal and methylglyoxal from
SPE. An aqueous solution (5 mL) containing 100 µL of corn
oil, 10 µL of glyoxal, 10 µL of methylglyoxal, 0.5 mL of 1%
SDS, and 100 µL of 1,2-phenylenediamine solution (10
mg/mL water) was stirred for 2 h at room temperature using
a magnetic stirrer. The solution was neutralized with 110 mL
of 0.1 N sodium hydroxide solution prior to stirring. The re-
action solution was loaded onto a C18 SPE cartridge and then
eluted with 5 mL of ethyl acetate under reduced pressure. The
SPE cartridge was preconditioned by rinsing with 1 vol each
of ethyl acetate, methanol, and deionized water, in series,
prior to use. The eluent was condensed to 1.5 mL with a puri-
fied nitrogen stream. After 20 µL of 2-methylpyrazine solu-
tion (0.2 mg/mL ethyl acetate) had been added as a GC inter-
nal standard, the solution was brought to 2.0 mL with ethyl
acetate. Glyoxal and methylglyoxal were analyzed as quinox-
aline and 2-methylquinoxaline by GC with an NPD.

Instrumentation. An Agilent Technologies Model 6980N
gas chromatograph equipped with a 30 m × 0.25 mm (df =
0.25 µm) ZB-WAX fused-silica capillary column (Phe-
nomenex, Torrance, CA) and an NPD were used for quantita-
tive analysis of 1-MP, quinoxaline, and 2-methylquinoxaline.
The GC oven temperature was programmed from 60 to 130°C
at 3°C/min for 1-MP analysis. The GC oven temperature was
held at 80°C for 3 min and then programmed to 180°C at
4°C/min for quinoxaline and 2-methylquinoxaline analysis.

A Hewlett-Packard model 5890 series II gas chromato-
graph interfaced to an HP 5971 mass spectrometer was used
to confirm 1-MP, quinoxaline, and 2-methylquinoxaline. The
GC conditions were the same as those just described. The
mass spectra were obtained by EI ionization at 70 eV at an
ion source temperature of 250°C.

Data analysis. All measurements were in triplicate, and re-
sults were expressed as mean ± SD (n = 3). Linear correlation
coefficients (R) between α-tocopherol content and oxidation

parameters (PV, amount of MA, amount of glyoxal, and
amount of methylglyoxal) were calculated using JMP IN soft-
ware (version 4.0) (SAS Institute Inc., Cary, NC). 

RESULTS AND DISCUSSION

Prior to the present study, 1-MP derived from MA was recov-
ered using a liquid–liquid continuous extractor with dichlo-
romethane (20–22). Liquid–liquid continuous extraction pro-
vides satisfactory recovery efficiency (82–91%) (23), but the
process is somewhat tedious. Moreover, because halogenated
solvents such as dichloromethane damage the NPD, the sol-
vent must be changed to a nonhalogenated one such as ethyl
acetate before the sample is injected into the gas chromato-
graph. Therefore, SPE was used to recover 1-MP in the pres-
ent study. The result of the recovery efficiency test of MA as
1-MP was 111.3 ± 2.0%. The recovery efficiencies of glyoxal
and methylglyoxal were 45.8 ± 1.7 and 82.0 ± 2.7%, respec-
tively. The recovery of glyoxal was rather low. However, the
values of SD were relatively low, indicating that the repro-
ducibility of the recovery is satisfactory. 

Using elevated temperatures is a common practice to ex-
amine the storage stability of foods. For example, changes in
the chemical compositions and properties of Australian hon-
eys was investigated at 50°C (24,25). Antioxidative activity
of TBHQ was investigated using canola oil heated at 65°C
(26). The oxidative status of high-heat (45°C) and medium-
heat (25°C) whole milk powder was investigated by measur-
ing the formation of TBARS (27). Therefore, the formation
of MA, glyoxal, and methylglyoxal was investigated at accel-
erated storage conditions of 60°C. Also, the investigation was
conducted at a cooking temperature of 200°C.

Figure 3 shows the PV of thermally oxidized dietary oils.
When the oils were heated at 60°C for 3 d, soybean oil had
the highest value (110 ± 4.30 mEq O2/kg sample). The PV of
soybean oil (260 ± 7.50 mEq O2/kg sample) was higher than
that of olive oil (200 ± 1.00 mEq O2/kg sample), even though
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FIG. 2. A typical gas chromatogram of the ethyl acetate extract obtained
from salmon oil heated at 60°C for 3 d (see Materials and Methods sec-
tion for GC conditions). Glyoxal and methylglyoxal were determined as
quinoxaline (retention time of 23.481 min) and methylquinoxaline (re-
tention time at 24.993 min), respectively.

FIG. 3. PV of thermally oxidized dietary oils. Data are expressed as
mean ± SD (n = 3).



the α-tocopherol content was higher in soybean oil (21.0 ±
2.80 ppm) than in olive oil (12.0 ± 1.60 ppm). It is interesting
that the PV of oils heated at 200°C for a short time (1 h) were
much lower than those heated at 60°C for a prolonged time
(3 and 7 d). This may be due to the degradation of peroxides
at a higher temperature (200°C). 

Figure 4 shows the MA formed from thermally oxidized
dietary oils. The MA content of natural oils ranged from 1.88
± 0.530 (soybean oil) to 33.8 ± 11.7 ppm (salmon oil).
Salmon oil seems to be most susceptible to oxidation. Salmon
oil produced MA at a level of 1070 ± 77.0 ppm when it was
heated at 60°C for 7 d, whereas corn oil produced only 6.65 ±
0.640 ppm under the same conditions. Fish oils produced
more MA. MA formed from fish oils and vegetable oils
ranged from 35.3 ± 2.80 (tuna oil) to 95.6 ± 2.30 ppm (salmon
oil) and from 2.33 ± 0.25 (corn oil) to 9.56 ± 0.320 ppm (soy-
bean oil), respectively, when they were heated at 60°C for 3
d. Also, MA formed from fish oils ranged from 157 ± 15.0
(tuna oil) to 1070 ppm ± 77.0 (salmon oil), whereas MA
formed from vegetable oils ranged from 6.65 ± 0.640 (corn
oil) to 35.9 ± 5.20 ppm (soybean oil) when they were heated
at 60°C for 3 or 7 d. Much more MA formed from the veg-
etable oils heated at 200°C for 1 h than at 60°C for a pro-
longed time. On the other hand, the formation of MA from
fish oils heated at 200°C for 1 h was somewhere between MA
from fish oils heated at 60°C for 3 and 7 d. The results sug-
gest that, in general, vegetable oils are oxidized more quickly
at a high temperature.  

Figure 5 shows the amount of glyoxal formed from ther-
mally oxidized dietary oils. More glyoxal was formed from
fish oils than from vegetable oils. The highest formation of
glyoxal was obtained from salmon oil heated at 60°C for 3 d.
It is interesting that more glyoxal was recovered from salmon
and cod liver oils when they were heated for 3 d (12.8 ± 1.10
and 7.07 ± 0.19 ppm, respectively) than for 7 d (6.70 ± 0.080
and 5.94 ± 0.380 ppm, respectively). The results suggest that
glyoxal underwent secondary reactions during the 7-d period
and yielded secondary products, such as glyoxylic acid, CO,

and CO2 (34). In a previous study, 27 ppm of glyoxal was
formed from cod liver oil irradiated with UV light for 10 h
(17). Glyoxal was analyzed to examine the effects of antioxi-
dants, including α-tocopherol, in cod liver oil oxidized by
Fenton’s reagent (35). Therefore, it is obvious that genotoxic
glyoxal is formed in oxidized oils in ppm levels.

Figure 6 shows the amount of methylglyoxal formed from
thermally oxidized dietary oils. Fish oils also produced much
more methylglyoxal than did vegetable oils. For example, the
level of methylglyoxal ranged from 2.03 ± 0.130 (cod liver
oil) to 2.89 ± 0.110 ppm (tuna oil) in the fish oils heated at
60°C for 7 d. On the other hand, only 0.61 ± 0.030 ppm
methylglyoxal formed in olive oil heated at the same condi-
tions. Soybean and corn oils did not produce a detectable
amount of methylglyoxal under accelerated storage condi-
tions (heated at 60°C for 3 and 7 d). However, vegetable oils
produced an appreciable amount of methylglyoxal (e.g., 0.38
± 0.160 ppm from corn oil) when they were heated at a cook-
ing condition (200°C for 1 h). Cod liver oil also produced 5.7
ppm of methylglyoxal with 10 h of UV irradiation (17).
Therefore, genotoxic methylglyoxal is also formed in dietary
oils upon oxidation. 
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FIG. 4. Results of MA analysis in thermally oxidized dietary oils. aAc-
tual values are the values in the figure × 10. Data are expressed as mean
± SD (n = 3).

FIG. 5. Results of glyoxal analysis in thermally oxidized dietary oils.
Data are expressed as mean ± SD (n = 3).

FIG. 6. Results of methylglyoxal analysis in thermally oxidized dietary oils.



Figure 7 shows the α-tocopherol content in dietary oils. α-
Tocopherol content ranged from 12.0 ± 1.60 (olive oil) to 700
± 66.0 ppm (tuna oil) in the dietary oils used in the present
study. α-Tocopherol is a well-known, naturally occurring an-
tioxidant that has been used as a standard antioxidant in nu-
merous lipid peroxidation studies (28–30). Therefore, it is im-
portant to know the α-tocopherol content in dietary oils to
evaluate their oxidative damages caused by heat. 

The α-tocopherol content did not correlate with the PV
among the six dietary oil samples heated at 60°C either for 3
(R = −0.53, P = 0.27) or 7 d (R = −0.26, P = 0.62). When the
three fish oils were heated at 60°C for 7 d, the α-tocopherol
content seemed to correspond, although not significantly, to
the PV (R = −0.98, P = 0.11). The statistically significant cor-
relation (P < 0.05) between the α-tocopherol content and the
oxidation parameters was obtained only from MA and fish
oils heated at 60°C for 3 d (R = −0.99, P = 0.02). All other
correlations between the α-tocopherol content and the oxida-
tion parameters were not statistically significant, although
there was borderline significance between the α-tocopherol
content and MA in the fish oils heated at 60°C for 7 d (R = 
−0.99, P = 0.06). A decrease of α-tocopherol was reportedly
accompanied by an increase of MA when rapeseed oil was
thermally oxidized at 170°C (32). Vitamin E (α-tocopherol)
significantly influenced the antioxidant capacity of virgin
olive, olive, and sunflower oils after frying (33).

Overall, the α-tocopherol content in the original oils did
not significantly correspond to the oxidation parameters of
the oxidized oils except in the case of MA. Perhaps the α-to-
copherol was rapidly consumed and therefore ineffective. In
addition to α-tocopherol, these oils also contain natural an-
tioxidants, such as flavonoids, ascorbic acid, and carotenes
(31), which may play a more significant role than α-tocoph-
erol in the PV of oxidized oils. More detailed experiments are
necessary to examine the role of antioxidants in the oxidation
of lipids.

The formation mechanisms of these compounds are rather
complex. There are many hypotheses about the mechanisms
of MA formation in oxidized oils. For example, it has been
proposed that MA forms from the decomposition of prosta-

glandin-like endoperoxide intermediates (36). This mecha-
nism requires at least three methylene-interrupted double
bonds in a molecule. However, it was later found that MA
also formed from a FA with one or two double bonds (33).
Glyoxal and methylglyoxal were formed from low-M.W. car-
bonyl compounds, including acetaldehyde, acrolein, pro-
panal, and acetone on 6 h of UV irradiation (17). 

It is well known that numerous carbonyl compounds are
produced from long-chain PUFA (38,39). Therefore, the for-
mation of MA, glyoxal, and methylglyoxal may be influenced
by the content of long-chain PUFA, EPA, and DHA, rather
than the TG content. A previous report showed a positive cor-
relation between the rate of oxidation and the numbers of
double bonds in the FA of a TG (40). PUFA are present in
greater amounts in fish oils than in vegetable oils. Cod liver
oil consists of 12.6% EPA and 10.6% DHA. Salmon oil con-
tains 4.5% EPA and 17% DHA. Tuna oil has 6.7% EPA and
28.8% DHA. On the other hand, vegetable oils (soybean,
corn, and olive) contain neither EPA nor DHA (41).

The results of the present study indicate that the formation
of genotoxic dicarbonyl compounds is influenced by storage
and cooking conditions. The kind of dietary oils also plays an
important role in the production of these chemicals. The oils
containing higher levels of long-chain PUFA, such as fish
oils, produced more genotoxic dicarbonyl compounds. Fur-
ther investigation to clarify formation mechanisms of these
compounds is in order. However, the investigation of these
genotoxic dicarbonyl compounds from dietary oils performed
in the present study is one avenue to assess food safety.
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ABSTRACT: Seed oils of Origanum onites L. from the Antalya and
Mugla regions and O. vulgare L. from the Kirklareli region of Turkey
were extracted with hexane in a Soxhlet apparatus. The oil yields
were 14.1–20.0 and 18.5%, respectively. FA compositions of the
seed oils were determined by GC and GC/MS. Twenty FA were
identified in both O. onites and O. vulgare seeds. The major FA of
both species were linolenic (56.3–57.0%; 61.8%), linoleic
(21.5–21.7%; 18.8%), oleic (8.7–8.9%; 5.9%), palmitic (5.9–6.5%;
5.5%), stearic (2.1–2.4%; 2.1%), and (Z)-11-octadecenoic
(0.6–0.8%; 0.5%), respectively. 

Paper no. L9389 in Lipids 39, 487–489 (May 2004).

“Oregano” is a general term applied to plants with a specific
aroma arising from carvacrol in the essential oil. Turkey is
the principal supplier of oregano. Oregano exports from
Turkey amounted to 7,400 tons in 2000, for earnings of
U.S.$15,400,000. The commercial Origanum species include
O. onites, O. vulgare subsp. hirtum, O. majorana, O. minuti-
florum (endemic), and O. syriacum var. bevanii. In addition,
Thymbra, Coridothymus, and Satureja species are also col-
lected and exported under the name oregano (Kekik in Turk-
ish). They are widely used as industrial raw material for pro-
ducing essential oil, as a tea, or as a culinary herb. Among
them, O. onites is economically the most important species.
It is the principal oregano plant cultivated in areas exceeding
600 hectares (2500 acres) in western Turkey (1). Data on the
FA composition of the aerial parts of O. onites (2), O. dictam-
nus (3), O. majorana (4), O. tytthanthum (5) and of the seed
oils of O. tytthanthum (6), and O. vulgare (7) have been re-
ported. There has been only one report (7) giving the seed oil
composition of O. vulgare (4.2% palmitic, 1.3% stearic, 6.1%
oleic, 23.8% linoleic, and 64.6% linolenic acids); no data
have been reported yet on the FA composition of O. onites
seed oil. 

Here we report on the FA compositions of the seed oils of
O. onites, collected from two different regions of Turkey (An-
talya and Mugla), and O. vulgare (Kirklareli).

EXPERIMENTAL PROCEDURES

Seeds were supplied by the seed bank at the Aegean Agricul-
tural Research Institute (AARI) in Menemen, Izmir. Passport

records (record number, accession number, collection site, al-
titude) of the materials are shown in Table 1.

The purity of the seeds was checked under a stereomicro-
scope. Seeds were then crushed in a mortar. The amount of
seeds from each species was 0.92–0.95 g. Seed oils were ex-
tracted by n-hexane for 6 h using a 25-mL capacity Soxhlet
apparatus. The solvent was then evaporated under reduced
pressure using a rotary evaporator at 40°C, and the residue
was refluxed with 5 mL of 0.5 N sodium hydroxide solution
in methanol for 10 min. Then 5 mL of 14% BF3 in methanol
solution was added through the condenser and the mixture
was boiled for 2 min. n-Heptane (5 mL) was then added
through the condenser, and the mixture was boiled for 1 min
longer. The solution was cooled, 5 mL of saturated NaCl so-
lution was added, and the flask was rotated very gently sev-
eral times. Additional saturated NaCl solution was added to
float the n-heptane solution into the neck of the flask. One
milliliter upper n-heptane solution was transferred into a test
tube and dried with anhydrous Na2SO4. The FAME were re-
covered after the solvent was removed using nitrogen gas (8).
The FA compositions were determined by GC/MS. Separated
constituents were characterized by using the in-house Başer
GC/MS Library containing data based on genuine FAME
standards. The mass spectra were also compared with those
of reference compounds and confirmed with the aid of reten-
tion indices from published data and our own sources. Rela-
tive percentage amounts of the separated compounds were
calculated by GC-FID. 

The GC/MS analysis was carried out using a Hewlett-
Packard GCD system (SEM Ltd., Istanbul, Turkey). HP-In-
nowax fused-silica capillary column (60 m × 0.25 i.d., 0.25
µm) was used with helium as carrier gas (flow rate: 1
mL/min). MS were taken at 70 eV. The injection temperature
was 250°C and oven temperature was kept at 60°C for 10 min
and programmed to 220°C at a rate of 4°C/min, then kept
constant at 220°C for 10 min and then programmed to 240°C
at a rate of 1°C/min then kept at 240°C for 20 min. The split
ratio was adjusted to 50:1, and the injection volume was 1 µL. 

GC analysis was carried out using a Hewlett-Packard 6890
system. An HP-Innowax FSC column (60 m × 0.25 i.d., 0.25
µm film thickness) was used with nitrogen as carrier gas (1
mL/min). GC oven temperature programming was as de-
scribed above. The injector temperature was at 250°C. The
percentage compositions were obtained from electronic inte-
gration measurements using FID (250°C). The relative per-
centages of the characterized components appear in Table 2. 
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RESULTS AND DISCUSSION

Seed oil yields of O. onites (from Mugla and Antalya) and O.
vulgare (from Kirklareli) were found to be 20.0–14.1 and
18.5%, respectively. Origanum onites from the Mugla region
yielded the highest oil content.

The oils were analyzed by GC-FID (Table 2). Twenty FA rep-
resenting about 97.5% of the total FA were characterized. The
dominant FA in both species was α-linolenic acid. Its content
ranged from 56.3 to 61.8%. Major FA components characterized
in the oils of O.onites from two different regions of Turkey were
palmitic (5.9–6.5%), stearic (2.1–2.4%), oleic (8.7–8.9%), (Z)-
11-octadecenoic (0.6–0.8%), linoleic (21.5–21.7%), and α-lino-
lenic (56.3–57.0%). Those in the seed oil of O. vulgare were
palmitic (5.5%), stearic (2.1%), oleic (5.9%), (Z)-11-octade-

cenoic (0.5%), linoleic (18.8%), and α-linolenic (61.8%). FA
compositions of seed oil of O. onites from two different regions
were similar, and no significant difference between the seed oil
of O. onites and O. vulgare was found.

Genera under the subfamily Nepetoidae have been reported
to contain unsaturated FA as predominant constituents, and the
content of α-linolenic acid was reported as usually over 40%
(9). Our results conform to these criteria since Origanum is in-
cluded in Nepetoideae.

The U/S (unsaturated/saturated) index, which is considered
a taxonomic marker (7), is presented in Table 2. U/S ratios were
8.9 and 9.7 in O. onites, and 10.1 in O. vulgare. The U/S ratio
10.1 of O. vulgare did not agree with the 17.2 reported earlier
for the same species (7). This discrepancy is possibly due to
the fact that more FA were characterized in the present study
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TABLE 1
Passport Records of Study Material

Record no. Botanical name Accession no. Collection site Altitude (m)

TR 54467 Origanum onites HO AA NB 290890 0303 Antalya 60–70
TR 54488 Origanum onites HO AOS EB 090891 0101 Mugla 150–200
TR 67149 Origanum vulgare AT AK 180998 0601 Kirklareli 534

TABLE 2
FA Compositions of Seed Oil of Origanum onites and O. vulgare

Seed

O. onitesa O. onitesb O.vulgarec

Oil yield (%) 20.0 14.1 18.5

FA % % %
Caprylic (8:0) Trace Trace 0.1
Pelargonic (9:0) Trace Trace Trace
Capric (10:0) Trace Trace 0.1
Lauric (12:0) Trace Trace Trace
Myristic (14:0) 0.1 0.1 0.1
Pentadecanoic (15:0) 0.1 0.1 0.1
Palmitic (16:0) 6.5 5.9 5.5
(Z)-9-Hexadecenoic (16:1) 0.1 0.1 0.2
(Z)-7-Hexadecenoic (16:1) 0.1 0.1 0.1
Margaric (17:0) Trace Trace Trace
Stearic (18:0) 2.4 2.1 2.1
(Z)-9-Octadecenoic (18:1)—Oleic 8.7 8.9 5.9
(Z)-11-Octadecenoic (18:1) 0.6 0.8 0.5
Linoleic (18:2) 21.7 21.5 18.8
α-Linolenic (18:3) 56.3 57.0 61.8
Arachidic (20:0) 0.2 0.2 0.2
11-Eicosenoic (20:1) 0.2 0.2 0.2
Behenic (22:0) 0.1 0.1 0.1
Tricosanoic (23:0) 0.4 0.6 0.4
Lignoceric (24:0) — Trace —

Σ Saturated 9.8 9.1 8.7
Σ Unsaturated 87.7 88.6 87.5
Total 97.5 97.7 96.2
Unsaturated/saturated 8.9 9.7 10.1
18:3/18:2 2.6 2.7 3.3
aFrom Mugla, Turkey.
bFrom Antalya, Turkey.
cFrom Kirklareli, Turkey. Trace <0.1%



than in Reference 7, altering hence the calculated values. How-
ever, the 18:3/18:2 ratio (3.3) of this study is close to the previ-
ously reported ratio of 2.7.

The high content of PUFA in Origanum seed oils suggests
their possible use as a food additive. Such acids have been re-
ported to help lower the blood cholesterol. They also have an-
tioxidant activity (10).

Origanum seeds are obtained as a by-product during
oregano herb processing by being trapped in cyclones (11).
Large amounts of the so-called cyclone powder are produced
during processing. Therefore, access to a steady supply of
seeds may not cause any problem.
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ABSTRACT: The lipids of the gram-negative bacterium Mari-
nobacter hydrocarbonoclasticus grown in a synthetic seawater
medium supplemented with various hydrocarbons as the sole
carbon source were isolated, purified, and their structures de-
termined. The hydrocarbons were normal, iso, anteiso, and
mid-chain branched alkanes, phenylalkanes, cyclohexylal-
kanes, and a terminal olefin. According to the sequential proce-
dure used for lipid extraction, three pools were isolated: un-
bound lipids extracted with organic solvents (corresponding to
metabolic lipids and to the main part of membrane lipids), OH–

labile lipids [mainly ester-bound in the lipopolysaccharides
(LPS)], and H+ labile lipids (mainly amide-bound in the LPS).
Each pool contained FA, fatty alcohols, and β-hydroxy acids.
The proportions of these lipids in the unbound lipid pools were
84–98%, 1.1–11.6%, and 0.1–3.6% (w/w), respectively. The
chemical structures of the lipids were strongly correlated with
those of the hydrocarbons fed; analytical data suggested a me-
tabolism essentially through oxidation into primary alcohol,
then into FA and degradation via the β-oxidation pathway. Sub-
terminal oxidation of the hydrocarbon chains, α-oxidation of
FA or double-bond oxidation in the case of the terminal olefin,
were minor, although sometimes substantial, routes of hydrocar-
bon degradation. Cyclohexyldodecane did not support growth,
likely because of the toxicity of cyclohexylacetic acid formed in
the oxidation of the alkyl side chain. In the OH– and H+ labile
lipid pools, β-hydroxy acids, the lipophilic moiety of LPS, gen-
erally dominated (28–72% and 64–98%, w/w, respectively).
The most remarkable feature of these cultures on hydrocarbons
was the incorporation in LPS of β-hydroxy acids with Codd, ω-
unsaturated, iso, or anteiso alkyl chains in addition to the spe-
cific β-hydroxy acid of M. hydrocarbonoclasticus, 3-OH-n-
12:0. These β-hydroxy acids were tolerated insofar as their
geometry and steric hindrance were close to those of the 3-OH-
n-12:0 acid.

Paper no. L9470 in Lipids 39, 491–505 (May 2004).

Hydrocarbon biodegradation has drawn attention for many
years in relation to its importance in removing petroleum hy-
drocarbons, oily wastes, or some pesticides from marine and
freshwater environments (1,2). The microbial degradation of
alkanes, alkenes, alkylcycloalkanes, and alkylbenzenes under
aerobic conditions has been thoroughly reviewed (3–6). The
primary oxidation step of hydrocarbons comprising aliphatic
long chains generally leads to primary (predominantly) or
secondary alcohols, which undergo oxidation to FA and fur-
ther degradation via the classical α- or β-oxidation pathways
(3). Although the effect of hydrocarbons on the FA composi-
tion of several microorganisms has been widely investigated
(7–12), little is known about their influence on the distribu-
tion of other lipids. Numerous gram-negative bacteria have
been adapted to degrade hydrocarbons (6,11), one of which is
the marine species Marinobacter hydrocarbonoclasticus (13).
This ubiquitous bacterium is able to use straight-chain hydro-
carbons as the sole carbon source (12–14). Analytical data
have suggested a metabolism of these compounds through ox-
idation into acids, and then through the classical β-oxidation
pathway via β-hydroxy acids (14,15). In M. hydrocarbono-
clasticus grown on n-eicosane, long-chain β-hydroxy acids
(C16–C20) were identified in the lipids extracted with sol-
vents. By contrast, shorter-chain β-hydroxy acids (C10, C12
maximum) occurred as ester-bound and amide-bound lipids
in the lipopolysaccharides (LPS).

The major aim of the present work was to determine the
influence of various hydrocarbons on the lipid composition
of M. hydrocarbonoclasticus, particularly on the different
pools of β-hydroxy acids. The tested hydrocarbons were nor-
mal, iso, anteiso, and mid-chain methyl-branched alkanes, cy-
clohexyl- and phenylalkanes, and a terminal olefin. This work
also has the geochemical prospect of evaluating the impact of
hydrocarbon pollution on organic matter in sediments, in par-
ticular that of prokaryotic origin. To apply the analytical pro-
cedure to sediments, which are often recalcitrant to the ex-
traction of total lipids, a sequential extraction was used
(14,16–20). A first extraction with organic solvents was per-
formed to isolate neutral lipids and the major part of glyco-
and phospholipids, referred to here as “unbound” lipids. Basic
and acid hydrolyses of the extracted cells then furnished the
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ester-bound (“OH– labile”) and amide-bound (“H+ labile”)
lipids present in lipoconjugates not extractable with organic
solvents, i.e., mainly LPS. In this paper we report on the in-
fluence of hydrocarbon structure on the composition of FA,
fatty alcohol, and β-hydroxy acid of M. hydrocarbonoclasti-
cus and describe their metabolic pathways. Analytical data
showed that some structural variations were tolerated by the
bacterium for incorporating hydrocarbon chains into the β-
hydroxy acids of LPS.

EXPERIMENTAL PROCEDURES

Chemicals. Silica gel and alumina (both 70–230 mesh) were
from Merck Eurolab (Lyon, France). TLC was performed on
commercial plates (silica gel 60 F254; Merck Eurolab). FA stan-
dards were purchased from Sigma Aldrich  (L’Isle d’Abeau,
France) and Larodan (Malmö, Sweden). An etheral solution of
diazomethane was prepared from Diazald® (Sigma Aldrich) ac-
cording to an Aldrich procedure (Technical Information Bul-
letin AL-180). Dimethyldisulfide (DMDS) and pyrrolidine were
from Merck (Darmstadt, Germany).

Some hydrocarbons were from commercial sources: n-
C19:0 (purity ≥99%) and n-nonadec-1-ene (purity ≥99%) were
from Fluka  (L’Isle d’Abeau, France), and 1-phenyldodecane
(Ph-C12; purity 96%) and 1-phenyltridecane (Ph-C13; purity
99%) were from Sigma Aldrich.

Anteiso-nonadecane, iso- and anteiso-eicosanes, and 10-
methylnonadecane were synthesized via Wittig reactions and
catalytic hydrogenation of the olefins formed. Thus, 10-
methylnonadecane was prepared via the following process.
Methyltriphenylphosphonium bromide (11.22 g, 31.5 mmol;
Acros, Noisy-le Grand, France) dissolved in THF (50 mL)
was added to a THF solution (60 mL) of n-butyl lithium (1.5
M in hexane, 32.4 mmol; Lancaster, Bischleim, France).
After 2 h at room temperature, a THF solution (10 mL) of
nonadecan-10-one (3 g, 10.5 mmol; Lancaster) was added,
and the mixture was refluxed for 72 h. The cooled reaction
mixture was centrifuged (120 × g) for 10 min, and the super-
natant was diluted with 200 mL diethyl ether and washed with
distilled water (2 × 200 mL). The organic phase was concen-
trated under reduced pressure, and the crude product was
chromatographed using alumina (60 g, activity II) column
chromatography (CC). Elution with heptane (660 mL) gave
10-methylene-nonadecane. Hydrogenation of this olefin dis-
solved in heptane (15 mL) was performed in the presence of
a catalytic amount of Rh/C 5% (Acros) at 70°C under 20 atm
hydrogen for 12 h. The catalyst was separated by centrifuga-
tion, and the purification of the product using alumina (60 g,
activity II) CC by elution with heptane (660 mL) afforded
pure 10-methylnonadecane (2.37 g). a-C19 and a-C20 alkanes
were similarly prepared via reaction of ethylidene tri-
phenylphosphorane, prepared by reaction of ethyltri-
phenylphosphonium bromide (Fluka) with n-butyl lithium, with
n-heptadecan-2-one (Fluka, purity ≥99%), and with n-octadec-
an-2-one (Fluka, purity  ≥99%), respectively, followed by cat-
alytic hydrogenation of the isolated olefins. iso-Eicosane

issued from the coupling of n-nonadecan-2-one (Fluka) with
methylidene trimethylphosphorane, prepared by reaction of
methyltriphenylphosphonium bromide with n-butyl lithium
and subsequent hydrogenation of the formed olefin.

iso-Nonadecane was prepared by catalytic hydrogenation
(conditions as just discussed) of cis-2-methyl-octadec-7-ene
(Lancaster, purity 98%), cyclohexyltridecane (Ch-C13), and
cyclohexyldodecane (Ch-C12) in a similar manner from the
corresponding phenylalkanes.

GC–mass spectra of the synthesized hydrocarbons indi-
cated molecular masses at m/z 268 for i-C19 and a-C19; m/z
282 for i-C20, a-C20, and 10-methyl-nonadecane; and m/z 252
and 266 for Ch-C12 and Ch-C13, respectively; purity: i-C19
96%, a-C19 98%, i-C20 97%, a-C20 99%, 10-methyl-nonadec-
ane 97%, Ch-C12 99%, and Ch-C13 99%.

Cultures. The type strain of M. hydrocarbonoclasticus
(strain SP17, ATCC 49840; Rockville, MD) was used. Cells
were grown in 3-L Erlenmeyer flasks containing 750 mL of
synthetic seawater medium (14) supplemented with the tested
hydrocarbon. Marinobacter hydrocarbonoclasticus was cul-
tured at 25°C under aerobic conditions (aeration was provided
by agitation with magnetic stirring at 400 rpm). Growth was
monitored by measuring the optical density at 450 nm with a
Varian DMS 90 UV-vis spectrophotometer. At the late expo-
nential growth phase, the biomass was harvested by centrifu-
gation at 12,000 × g for 15 min at 4°C, washed twice with 30
mL of synthetic medium, and freeze-dried. 

Isolation of lipids. For each culture, the dry biomass was
extracted overnight with 100 mL of chloroform/methanol
(2:1, vol/vol), with stirring at room temperature. The residue
was removed by filtration over a 0.5-µm FH-type membrane
(Millipore; Saint-Quentin en Yvelines, France), and the solid
was rinsed with methanol. The combined extract and wash-
ings were evaporated to dryness under reduced pressure. This
lipid extract was then transesterified in 70 mL of methanol/
KOH (0.1 M) at 0°C for 2 h. The reaction mixture was acidi-
fied to pH 1 with aqueous HCl 5% (vol/vol) and extracted
with 250 mL diethyl ether/heptane (3:1, vol/vol). The prod-
uct was then purified using silica gel CC. A first elution with
heptane furnished the nonmetabolized hydrocarbons, and elu-
tion with diethyl ether/methanol (4:1, vol/vol) then furnished
the unbound lipids. The solvent-extracted biomass was
saponified by refluxing for 2 h in 20 mL of methanol/1 M
KOH. After cooling, the residue was separated by filtration
and thoroughly rinsed with 20 mL of methanol. The com-
bined filtrates were acidified with aqueous HCl (5%), diluted
with distilled water, and extracted with diethyl ether. The con-
centrated extract was submitted to esterification by addition
of an etheral solution of diazomethane at room temperature;
the recovered products constituted the OH– labile lipids. The
residual biomass was finally hydrolyzed in 12 mL of aqueous
4 M HCl under reflux for 6 h, and the reaction mixture was
treated as already described. These recovered lipids consti-
tuted the H+ labile lipids.

Separation of unbound lipids. Lyophilized cells of a mi-
crobial culture on i-C19 (833 mg) were extracted with 100 mL
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of chloroform/methanol as described in the preceding para-
graphs. The lipid extract (208 mg) was impregnated with 3 g
of silica and placed at the top of a glass column containing 12
g of silica. Neutral lipids (81 mg) were eluted first with 300
mL of chloroform, glycolipids (8 mg) with 1200 mL of ace-
tone, and phospholipids (96 mg) with 300 mL of methanol
(21). Neutral lipids were separated using silica gel (12 g) CC
by elution with heptane (45 mL; 37 mg), heptane/diethyl ether
(19:1, vol/vol; 60 mL; 3 mg), and then diethyl ether/methanol
(4:1, vol/vol; 50 mL; 40 mg). The diethyl ether/methanol
fraction was investigated by silica gel TLC for the presence
of TAG by elution with heptane/diethyl ether (9:1, vol/vol),
with TAG from olive oil (Larodan) as the reference; spots
were revealed by Rhodamine B and visualized under UV
light. The three fractions were analyzed by GC and GC–MS
as described next. The former two fractions corresponded to
the nonmetabolized hydrocarbon. The third fraction was re-
acted with diazomethane before GC and GC–MS analyses.
The phospholipid fraction was transesterified in 20 mL
methanol/KOH (0.1 M) at 0°C for 2 h, then acidified and ex-
tracted with diethyl ether as just described.

Derivatization and GC–MS. Lipids were analyzed by GC–
MS (70 eV) with a Hewlett-Packard HP 6890 gas chromato-
graph coupled with a HP 5973N mass spectrometer (Agilent
Technology). The chromatograph was equipped with a J&W
Scientific (Massy, France) DB-5MS fused-silica column (30
m × 0.25 mm) coated with 95% polydimethylsiloxane and 5%
phenylsiloxane (film thickness 0.25 µm). The temperature
program was from 100 to 300°C (4°C/min). FAME were
identified by co-injection with authentic standards on GC
(using the same conditions as for GC–MS) and comparison
of the mass spectra. Alcohols and β-hydroxy acids were ana-
lyzed as trimethylsilyl (TMSi) ethers (22). Standards of pri-
mary iso and anteiso fatty alcohols were prepared by reduc-
tion of the corresponding FAME (5 mg in 10 mL anhydrous
diethyl ether) with AlLiH4 (10 mg) (Fluka) under a nitrogen
atmosphere and refluxing for 1 h, followed by careful addi-
tion of a few drops of aqueous HCl 5% and extraction with
diethyl ether. DMDS adducts were prepared by an I2 reaction
(23), and N-acyl pyrrolidides were prepared by direct treat-
ment of methyl esters with pyrrolidine/acetic acid (24). 

RESULTS 

Methodology and quantitative data. The dry biomass of each
culture was submitted to a sequential extraction procedure to
extract the totality of lipids (14,15). In brief, the main part of
the free and membrane lipids was recovered by extraction
with chloroform/methanol. This lipid mixture was further pu-
rified by silica gel CC to remove the hydrocarbons adsorbed
on the cell surfaces and ingested by the cells, and then trans-
esterified to give the unbound lipids. Thereafter, the succes-
sive alkaline and acid hydrolyses of the solvent-extracted bio-
mass released FA and hydroxy acids from ester-bound (OH–

labile) and amide-bound (H+ labile) lipid moieties occurring
in some lipoconjugates. These lipoconjugates were LPS,

lipoproteins, and ornithine lipids (25). In gram-negative bac-
teria, amide-bound hydroxy acids are known to occur in LPS
(mainly) and in ornithine lipids, whereas ester-bound hydroxy
acids occur only in LPS. These considerations, in combina-
tion with analytical data, indicate that bound hydroxy acids
come mainly from LPS (14,26). In sharp contrast, the origin
of FA present in these hydrolysates is less clear: They can de-
rive from ester-linked acyl moieties in LPS, ornithine lipids,
and lipoproteins and from amide-linked acyl moieties in
lipoproteins (25). 

The foregoing procedure is the one classically used for
studies of lipids in sediments; it was therefore used in the pres-
ent study to allow for comparison with geochemical data.
However, this procedure may exhibit two drawbacks com-
pared with some more classical extraction procedures fol-
lowed by CC separation into neutral, glyco-, and phospho-
lipids: (i) TAG, if present in the extract, would be unnoticed,
and (ii) poor extraction of phospholipids may occur. To test
this, a parallel control experiment was performed on the cul-
ture grown on i-C19. Extraction with chloroform/methanol
was performed in the same manner, and the lipid extract was
separated into neutral, glyco-, and phospholipids. Analysis of
the neutral lipid fraction showed the presence of the nonme-
tabolized i-C19 (49%), i-C19 fatty alcohols (26%), and i-C17:0
and i-C19:0 β-hydroxy acids (7%). In addition, analysis of the
neutral lipids showed a low content (about 3% of neutral
lipids) of FA, thus indicating that only limited hydrolytic ac-
tivity had taken place upon extraction and processing. Like
numerous bacterial species, M. hydrocarbonoclasticus does
not produce TAG. Quantification of the phospholipids
showed a content of about 5% of dry cells, i.e., in the range
commonly observed for gram-negative bacteria (25), thus in-
dicating that the bulk of the phospholipids was recovered by
chloroform/methanol extraction. Moreover, GC–MS analysis
of the derived methyl esters showed a FA distribution of phos-
pholipids rather similar to that observed for the unbound
lipids (see later paragraphs and Table 3).

When the bacterium reached the stationary phase of
growth, the cell yield (Table 1) was higher when the culture
was performed on a hydrocarbon liquid at room temperature,
i.e., C19 and C20 methyl-branched hydrocarbons and olefin
(about 300 mg/L of dry cells in the case of 10-MeC19), than
that obtained with cultures on dispersed solids such as n-C19,
cyclohexyl-, and phenylalkanes (about 160 mg/L of dry cells).
The purified fractions of unbound lipids accounted for 5.5
(culture on i-C20) up to 14.4% (culture on n-C19:1) of the dry
cells free of hydrocarbons, whereas the OH– labile lipids var-
ied between 1.1 (cultures on i-C20 and a-C19) and 3.1% (cul-
ture on n-C19), and the H+ labile lipids varied between 0.5
(culture on i-C19) and 0.9% (cultures on n-C19 and Ch-C13)
of the dry cells (Table 1). On the whole, total lipids accounted
for 7.3 (culture on i-C20) up to 17.1% (culture on n-C19:1) of
the dry cells. 

Identification of lipids. The FA, hydroxy acid, and fatty al-
cohol distributions in the unbound, OH– labile, and H+ labile
lipids are listed in Tables 2–8. FA were analyzed as FAME;
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alcohols and hydroxyl functions of hydroxy acids were
trimethylsilylated, and each lipid fraction was analyzed by GC
and GC–MS. The locations of the carbon–carbon double bonds
and branching in the aliphatic chains were determined by means
of GC–MS analyses of DMDS adducts and N-pyrrolidide de-
rivatives, respectively. As examples, Figure 1 shows the mass
spectra of two acid derivatives: the pyrrolidide derivative of 8-
methyl-heptadecanoic acid (Fig. 1A), and the 12,13-DMDS
adduct of the TMSi ether derivative of 3-hydroxy-tridec-12-
enoic acid methyl ester (Fig. 1B), identified in the cultures on
10-Me-C19 (Table 5) and n-C19:1 (Table 6), respectively. In the
pyrrolidide derivative, the methyl substitution caused a 28-
mass-unit gap between 182 and 210 in the series of fragments
separated by 14 mass units, allowing the methyl group to locate
at position 8 in the chain. Similarly, the mass spectra of iso- and
anteiso-FA pyrrolidides (not shown) lacked M − 29 and M − 43
ions, respectively. β-Hydroxy acids were identified by the pres-
ence in their mass spectra of an intense peak at m/z 175, origi-
nating from the cleavage of the Cβ–Cγ bond. Moreover, in the
case of the DMDS adduct of β-hydroxy tridecenoic acid methyl
ester (Fig. 1B), the presence on the spectrum of intense ions at
m/z 61 and 347 established that the initial double bond was at
the terminal position.

Figure 2 shows the mass spectra of the TMSi derivatives
of methyl-branched primary (Figs. 2A and 2B) and secondary
(Figs. 2C and 2D) fatty alcohols derived from the oxidation
of anteiso-nonadecane and anteiso-eicosane, respectively
(Table 4). The mass spectra of the two isomeric primary alco-
hols (Figs. 2A and 2B) were rather similar, with abundant
ions at m/z 341 [M – Me]+, and peaks of lower intensity at m/z
103, [CH2OSiMe3]+, and m/z 75, [Me2Si = OH]+. As a result,
the TMSi-derivatized anteiso-nonadecan-1-ol could be iden-
tified only by means of a co-injection on GC with an authen-
tic standard and comparison of the mass spectra. The mass
spectra of the TMSi-derivatized secondary alcohols were
more informative for structural determination. Indeed, as il-
lustrated in Figure 2C, the spectra of anteiso-alkan-2-ols dis-

played a small peak at m/z M − 29 indicative of an anteiso-
methyl-branching, whereas it lacked in the spectra of the 3-
Me-alkan-2-ols (Fig. 2D).

ω-Phenyl- and ω-cyclohexyl-alkanoic acids were identified
in the lipids of M. hydrocarbonoclasticus grown on 1-phenyl-
alkanes and 1-cyclohexyltridecane, respectively (Tables 7 and
8). Mass spectra of phenylalkanoic methyl esters displayed a
base peak at m/z 91 for the tropylium ion, abundant ions at m/z
74 and m/z M – MeOH, and distinct molecular ions. The spectra
of cyclohexylalkanoic methyl esters showed a base peak at m/z
74, prominent peaks at m/z 55 and 87, and abundant ions at m/z
M and m/z 83 for cyclohexyl fragments. All these spectra match
those reported for some natural cyclo-alkanoic acids well
(27,28). The mass spectra of the TMSi-derivatized phenyl and
cyclohexyl alkanols exhibited prominent fragment ions typical
of primary or secondary (subterminal) alcohols at m/z 75 and
117, respectively, and the characteristic fragments of the cyclic
moiety. Moreover, the spectra of the TMSi-derivatized β-hy-
droxy methyl esters exhibited major ions at m/z M − 15, 175,
[CH(OSiMe3)CH2CO2Me]+, and 83 (cyclohexyl ion) or 91
(tropylium ion).

To keep the data as clear as possible, only FA accounting for
at least 2% of a given lipid pool are quoted in Tables 2–8.

Culture on n-nonadecane. The distribution of the lipids ex-
tracted from the culture on n-nonadecane is listed in Table 2,
together with previous data obtained from a culture on n-
eicosane (14). FA were the major components of the unbound
lipids, accounting for 90.4 and 85.4% of the pools recovered
from n-C19 and n-C20 cultures (Table 9), respectively. Culture
on n-C19 principally led to Codd FA (mainly 17:0 and 17:1),
whereas the culture on n-C20 mainly furnished Ceven FA (es-
sentially 16:0, 16:1, and 18:1). Three n-C19 fatty alcohols
were identified in the unbound lipids of the n-C19 culture
(Table 2): two primary (a saturated and an unsaturated) and a
secondary with the hydroxyl group at the subterminal posi-
tion. The oddness/evenness of the hydrocarbon chain length
of β-hydroxy acids depended on the alkane fed, with C19 and

494 M. SOLTANI ET AL.

Lipids, Vol. 39, no. 5 (2004)

TABLE 1 
Abundance of Lipid Pools Isolated from Marinobacter hydrocarbonoclasticus Cultivated on Different Carbon Sources

Cell yielda Lipid contents (as % of dry cells)

Carbon source (mg/L) Total Unbound OH– labile H+ labile

Ammonium acetateb NDc 5.2 3.5 1.1 0.6
n-C19:0 155 12.7 8.7 3.1 0.9
n-C20:0

b ND 7.8 5.6 1.5 0.7
i-C19:0 266 12.3 10.2 1.6 0.5
i-C20:0 ND 7.3 5.5 1.1 0.7
a-C19:0 240 11.0 9.2 1.1 0.7
a-C20:0 245 10.3 8.0 1.6 0.7
10-Me-C19:0 302 10.2 7.9 1.5 0.8
n-C19:1 205 17.1 14.4 1.9 0.8
Ch-C13:0 165 8.7 6.1 1.7 0.9
Ph-C12:0 152 8.1 5.9 1.6 0.6
Ph-C13:0 172 8.8 6.3 1.8 0.7 

aDry weight (free of nonmetabolized hydrocarbons).
bData taken from a previous study (15).
cND, not determined. Ch-C13:0, cyclohexyltridecane; Ph-C12:0, 1-phenyldodecane; Ph-C13:0, 1-phenyltridecane.



C17 compounds in the culture on n-C19 and even-carbon-num-
bered C12–C20 β-hydroxy acids in the case of the n-C20 cul-
ture. By contrast, short-chain β-hydroxy acids dominated in
the OH– and H+ labile lipid pools, with high proportions of
both n-12:0 and n-13:0 compounds in the case of the culture
on n-C19, whereas only minor amounts of the latter were de-
tected in the culture on n-C20 (Tables 2, 10, and 11).

Cultures on iso- and anteiso-alkanes. The lipid distributions
of the cultures on iso- and anteiso-C19 and C20 alkanes are listed
in Tables 3 and 4. The FA, β-hydroxy acids, and fatty alcohols

present in the unbound lipids appeared to relate rather well to
the structure of the hydrocarbons fed, with iso or anteiso and
even or odd predominating. For instance, FA of the iso-eicosane
culture mainly comprised i-18:0, i-16:0, and i-14:0. The predomi-
nant unsaturated FA were, however, the n-18:1 acids, accompa-
nied by n-16:1 FA and some branched (i-18:1, i-16:1) acids. On
the whole, cultures on iso- and anteiso-alkanes led to predomi-
nant saturated FA series, whereas those on n-alkanes furnished
preferably unsaturated FA series (Table 9). In bacteria grown
on anteiso-alkanes, two primary and two secondary alcohols
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TABLE 2 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid Poolsa Isolated from M. hydrocarbonoclasticus
Grown on n-C19 and n-C20

b Alkanes

Unbound                                OH– labile                                H+ labile

Lipids n-C19 n-C20 n-C19 n-C20 n-C19 n-C20

Saturated FA
n-10:0 —c — — 17.6 — —
n-12:0 — — +d 37.8 — +
n-13:0 — + + — 5.2 —
n-14:0 + + + + 4.6 +
n-15:0 7.200 + 5.8 + — —
n-16:0 3.400 25.3000 5.6 2.5 7.9 +
n-17:0 25.800 + 15.4 — + —
n-18:0 2.000 + + — 3.8 +
n-19:0 2.500 — + — + —

Unsaturated FAe

n-14:1(5) — + + 9.3 — —
n-15:1(6;7;9) 2.1 (6) — 4.6 (7;9) — — —
n-16:1(7;9c) 2.1 (7) 25.1 (7)0 + + — —
n-17:1(7;9) 28.9 (9) — 16.2 (9) — — —
n-18:1(9c;11c) 10.3 (9c) 26.6 (9c) 5.9 (9c) + + —
n-19:1(9;11) 2.9 (9) — 5.6 (9) — — —
n-20:1(11) — 4.200 — — — —

β-Hydroxy acids
n-10:0 — — — 0.2 — 0.5
n-11:0 — — 4.8 — 2.7 —
n-12:0 — 0.2 16.0 28.1 38.8 97.6
n-13:0 — — 6.3 — 22.7 —
n-13:1(5) — — 0.5 — — —
n-14:0 — 0.1 — Trace — 0.2
n-17:0 0.30 — Trace — — —
n-18:0 — 0.4 — — — —
n-18:1(9) — 0.3 — — — —
n-19:0 0.60 — — — — —
n-20:0 — 0.6 — — — —
n-20:1(11) — 0.3 — — — —

Alcohols
n-17:0,1-OH 0.90 — — — — —
n-19:0,1-OH 3.80 — — — — —
n-19:1,1-OH 0.10 — — — — —
n-19:0,2-OH 0.60 — — — — —
n-20:0,1-OH — 1.3 — — — —
n-20:1(11),1-OH — 10.3 — — — —

Other lipids 6.5 5.3 13.3 4.5 14.3 1.7
aExpressed as the percentage of total lipids for the considered pool.
bData taken from Reference 15.
c—, not detected.
d+, FA accounting for less than 2% of a considered pool.
eWhen several isomers are present, the percentages correspond to the total of the considered series; the position of the un-
saturation for the dominant unsaturated FA is given in parentheses.



were identified, with the less sterically hindered predominat-
ing (Table 4). In addition, a lower homolog, a-19:0,1-OH,
was identified in the culture on a-C20. By contrast, iso-al-
kanes led to only one secondary fatty alcohol (Table 3).

Iso and anteiso series dominated the saturated FA in the OH–

labile lipids (Tables 3 and 4), whereas unsaturated FA mainly
comprised straight-chain acids. β-Hydroxy acids were abundant

in this pool, ranging from 54 up to 66%, with n-12:0 predomi-
nating (Table 10), but low amounts of  higher (n-13:0 and n-
14:0) and lower (n-10:0 and n-11:0) homologs were also de-
tected, together with an unsaturated series (12:1, 13:1, and 14:1).
Iso- and anteiso-β-hydroxy acids ranged from 0.1 up to 1.6% of
the OH– labile lipids. Rather similar profiles of β-hydroxy acids
were observed in the H+ labile lipids (Tables 3, 4, and 11).
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TABLE 3 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid Poolsa Isolated from M. hydrocarbonoclasticus
Grown on iso-C19 and -C20 Alkanes

Unbound                                OH– labile                                H+ labile

Lipids i-C19 i-C20 i-C19 i-C20 i-C19 i-C20

Saturated FA
n-12:0 —b +c 2.4 3.0 — +
n-14:0 + + + + 2.3 +
i-14:0 + 13.5 — 2.4 — +
i-15:0 16.200 2.5 6.5 — — —
n-16:0 2.30 + 2.6 2.1 — 3.7
i-16:0 + 32.7 + 8.3 — +
i-17:0 27.1 + 10.6 + + +
i-18:0 + 9.2 — + — +

Unsaturated FAd

n-14:1(5;7) — — 5.1 (5) 5.6 (5) — —
n-16:1(7;9c;11) 4.2 (9c;7) 2.8 (9c) 2.4 (7;9c) + — +
i-16:1(5;7;9) — 3.1 (7;9) — + — —
i-17:1(7;9) 8.1 (7) + 2.3 (9) — — —
n-18:1(9c;11c;13) 17.9 (9c) 11.4 (9c) 6.5 (9c) 3.9 (9c) — 5.7 (11c)
i-18:1(7;9) — 6.9 (7) — + — —
i-19:1(9) 2.4 + — + — —

β-Hydroxy acids
n-10:0 — — 0.2 0.7 0.5 1.0
n-11:0 — 0.2 0.4 3.5 0.7 4.3
n-12:0 — 0.2 50.6 44.5 87.8 68.5
n-12:1(5) — — 1.7 5.5 0.4 —
i-12:0 — — — 0.1 — 1.1
n-13:0 — — 0.3 2.1 0.7 5.0
n-13:1(5) — — 0.3 3.2 — —
i-13:0 — — 0.6 Trace 1.9 0.2
n-14:0 — — — Trace 1.0 1.7
n-14:1(5) — — 1.5 3.3 0.4 —
i-14:0 — — — Trace 0.1
i-17:0 3.5 — Trace — — —
i-18:0 — 1.0 — — — —
i-19:0 0.6 0.1 Trace — Trace —
i-20:0 — 0.2 — — — Trace

Alcohols
i-18:0,1-OH — 0.1 — — — —
i-19:0,1-OH 5.9 — 0.3 — — —
i-19:1(9),1-OH 1.7 — — — — —
i-19:0,2-OH 0.2 — — — — —
2-Me-18:0,1-OH Trace — — — — —
i-20:0,1-OH — 2.1 — 0.1 — 0.2
i-20:0,2-OH — 0.4 — — — —
2-Me-19:0,1-OH — 0.9 — — — 0.1

Other lipids 9.9 12.7 5.7 11.7 4.3 8.4

aExpressed as the percentage of total lipids for the considered pool.
b—, not detected.
c+, FA accounting for less than 2% of a considered pool.
dWhen several isomers are present, the percentages correspond to the total of the considered series; the position of the un-
saturation for the dominant unsaturated FA is given in parentheses.



Culture on 10-methyl-nonadecane. Data concerning the
culture on the mid-chain branched alkane are listed in Table 5
and summarized in Tables 9–11. In the unbound lipids, n-
acids were predominant (Tables 5 and 9), whereas a series de-
riving from the oxidation of the alkane (10-Me-19:0, 8-Me-
17:0, 6-Me-15:0, and 4-Me-13:0 FA; Table 5) constituted
35.4%. On the whole, the n-17-carbon FA series dominated

the straight-chain acids, accounting for 21.8% of the unbound
lipids. Two 10-Me-19:0 alcohols were identified: a primary
(0.9%) and a secondary (in trace amount). Three methyl-
branched β-hydroxy acids were also detected: 3-OH,6-Me-
15:0, 3-OH,8-Me-17:0, and 3-OH,10-Me-19:0.

OH– labile lipids contained straight-chain compounds,
with the exception of 10-Me-19:0, 8-Me-17:0, 6-Me-15:0,
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TABLE 4 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid Poolsa Isolated from M. hydrocarbonoclasticus
Grown on anteiso-C19 and -C20 Alkanes

Unbound                                OH– labile                                H+ labile

Lipids a-C19 a-C20 a-C19 a-C20 a-C19 a-C20

Saturated FA
n-12:0 +b —c 4.0 + + 5.4
a-14:0 + 5.9 + 6.3 — 3.0
a-15:0 20.1 + 7.2 + + —
n-16:0 2.9 2.4 2.8 2.4 2.4 +
a-16:0 — 20.4 — 2.9 — +
a-17:0 35.1 10.3 13.6 2.7 + +
n-18:0 + + + + 2.2 +
a-18:0 + 16.2 — 2.8 — +
a-19:0 2.8 + + + Trace +

Unsaturated FAd

n-14:1(5;7) — — 4.3 (5) + — +
n-16:1(7;9c;11) 2.3 (7;9c) 3.4 (9c) + + — +
n-18:1(7;9c;11c) 10.4 (9c)0 16.5 (9c) 4.7 (9c) 5.2 (9c) — +
a-18:1(8;9;11) — 3.6 (9) — + — +

β-Hydroxy acids
n-10:0 — — 1.2 0.2 0.2 0.6
n-11:0 — — 2.3 1.3 1.7 2.8
a-11:0 — — Trace — 0.2 —
n-12:0 Trace — 36.5 53.7 65.5 62.6
n-12:1(5) — — 5.6 2.4 Trace 3.6
a-12:0 — — — 0.6 0.2 0.7
n-13:0 — — 1.4 1.8 4.6 2.0
n-13:1(5) — — 2.0 1.7 Trace 2.0
i-13:0 — — 0.7 Trace 3.0 Trace
a-13:0 — — 1.6 Trace 11.9 Trace
n-14:0 — — 0.3 0.5 2.2 0.4
n-14:1(5) — — 2.1 2.7 0.1 2.8
a-14:0 — — Trace 0.7 0.2 0.6
a-15:0 0.4 — 0.1 — 0.2 —
a-17:0 0.7 Trace — — Trace —
a-18:0 0.1 Trace — — — —
a-19:0 0.5 Trace Trace — Trace —

Alcohols
a-19:0,1-OH 7.8 0.2 — — — —
a-19:0,2-OH 0.1 — — — — —
3-Me-18:0,1-OH 1.3 — — — — —
3-Me-18:0,2-OH 0.1 — — — — —
a-20:0,1-OH — 1.9 — 1.3 — Trace
a-20:0,2-OH — 0.1 — — — —
3-Me-19:0,1-OH — 1.0 — — — —
3-Me-19:0,2-OH — 0.1 — — — —

Other lipids 15.4 18.0 9.6 10.8 5.4 13.5

aExpressed as the percentage of total lipids for the considered pool.
b+, FA accounting for less than 2% of a considered pool.
c—, not detected.
dWhen several isomers are present, the percentages correspond to the total of the considered series; the position of the un-
saturation for the dominant unsaturated FA is given in parentheses.



and 3-Me-12:0 FA (Table 5). As in the previous cultures, β-
hydroxy acids were abundant in this pool (47.9%; Table 10)
and highly dominant in the H+ labile lipids (91.2%; Table 11).
In both cases, 3-OH-n-12:0 was predominant, and the propor-
tions of its higher (13:0 and 14:0) and lower (10:0 and 11:0)
homologs were similar to those observed with the cultures on
iso- and anteiso-alkanes.

Culture on n-nonadec-1-ene. Unusual lipids exhibiting an
ω-unsaturation were detected for each class of unbound lipids
(Table 6). Diunsaturated FA exhibiting an odd carbon num-
ber and a terminal unsaturation accounted for a substantial
percentage of this pool. Three monounsaturated FA from n-
13:1 to n-17:1 (Table 6), showing the features just described,
were also identified, but in lower proportions. Furthermore,
we detected six ω-unsaturated fatty alcohols, a diol (n-nona-
decane-1,2-diol), and two ω-unsaturated β-hydroxy acids—
3-OH-n-19:1(18) and 3-OH-n-17:1(16) (Table 6). In addition,

2-hydroxy-nonadecanoic acid was present at a trace level.
Among the usual FA, palmitic and oleic acids were the pre-
dominant compounds. 

The proportions of the ω-unsaturated lipids decreased con-
siderably in the OH– labile lipids and disappeared almost to-
tally in the H+ labile lipids. In the OH– labile lipid pool, the
β-hydroxy acids (71.9% of this pool) included 3-OH-n-12:0
(70% of the β-hydroxy acids; Table 10), 3-OH-n-13:1(12)

498 M. SOLTANI ET AL.

Lipids, Vol. 39, no. 5 (2004)

TABLE 5 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid
Poolsa Isolated from M. hydrocarbonoclasticus Grown on 10-Me-C19
Alkane

Lipids Unbound OH– labile H+ labile

Saturated FA
3-Me-12:0 —b 2.0 —
4-Me-13:0 2.8 — —
n-15:0 2.6 +c +
n-16:0 9.7 3.4 +
6-Me-15:0 6.9 3.4 —
n-17:0 10.4 4.9 +
8-Me-17:0 23.5 13.0 —
10-Me-19:0 2.2 + —

Unsaturated FAd

n-14:1(5;7) + 2.5 (5) —
n-16:1(7;9c;11) 3.5 (7) + —
n-17:1(7;9) 11.4 (7) 5.9 (9) —
n-18:1(9c;11c;13) 18.0 (9c) 9.2 (9c) +

β-Hydroxy acids
n-10:0 — 0.1 —
n-11:0 Trace 7.1 7.3
n-12:0 Trace 31.8 71.0
n-12:1(5) — 0.4 —
n-13:0 Trace 5.6 12.4
n-13:1(5;7) — 2.3 (5) —
a-13:0 — Trace Trace
n-14:0 0.1 0.1 0.5
n-14:1(5) — 0.5 —
6-Me-15:0 0.2 — —
8-Me-17:0 0.1 — —
10-Me-19:0 0.2 — —

Alcohols
10-Me-19:0,1-OH 0.9 — —
10-Me-19:0,2-OH Trace — —

Other lipids 7.5 7.8 8.8

aExpressed as the percentage of total lipids for the considered pool.
b—, not detected.
c+, FA accounting for less than 2% of a considered pool.
dWhen several isomers are present, the percentages correspond to the total
of the considered series; the position of the unsaturation for the dominant
unsaturated FA is given in parentheses.

TABLE 6 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three
Lipid Poolsa Isolated from M. hydrocarbonoclasticus Grown on
n-Nonadec-1-ene

Lipids Unbound OH– labile H+ labile

Saturated FA
n-12:0 +b 4.8 —c

n-15:0 2.0 — —
n-16:0 11.3 4.5 0.8 
n-17:0 3.3 + +

Monounsaturated FAd

n-13:1(11;12) + 2.0 (11) —
n-14:1(5) + 3.3 —
n-15:1(6;9;14) 10.1 (14) Trace —
n-16:1(7;9c;11) 6.7 (7;9c) + —
n-17:1(9;16) 20.6 (16) 3.7 (16) —
n-18:1(9c) 13.9 (9c) 3.8 (9c) —

Diunsaturated FAd

n-17:2(7;16) 3.7 + —
n-17:2(8;16) 3.9 — —
n-17:2(9;16) 6.3 + —
n-19:2(9;18) 2.4 — —

α-Hydroxy acid
n-19:0 Trace — —

β-Hydroxy acids
n-10:0 — 0.2 0.8
n-11:0 — 2.1 2.6
n-12:0 — 50.6 85.7
n-13:0 — 1.1 3.1
n-14:0 — 0.2 —
n-18:0 0.2 — —
n-19:0 0.1 — —
n-12:1(4;11) — 1.2 (4;11) —
n-13:1(5;11;12) — 14.8 (12) 0.2 (12)
n-13:2 — 0.6 —
n-17:1(16) 0.2 0.3 —
n-19:1(18) 0.2 — —

Alcohols
n-16:1(15),1-OH 0.1 — —
n-17:1(16),1-OH 0.1 — —
n-18:1(17),1-OH 0.1 — —
n-19:1(18),1-OH 1.1 — —
n-19:1(18),2-OH Trace — —
n-19:2,1-OH 0.4 — —
n-19:0,1,2-dihydroxy 1.8 1.1 0.3

Other lipids 11.5 5.7 6.5

aExpressed as the percentage of total lipids for the considered pool.
b+, FA accounting for less than 2% of a considered pool.
c—, not detected.
dWhen several isomers are present, the percentages correspond to the total
of the considered series; the position of the unsaturation for the dominant
unsaturated FA is given in parentheses.



(14%), and 3-OH-n-12:1(11) (1.1%). β-Hydroxy acids ac-
counted for 92.4% of the H+ labile lipids, with 3-OH-n-12:0
predominating (93%; Table 11).

Cultures on phenylalkanes. The compositions of the three
lipid pools isolated from the cultures on Ph-C12 and Ph-C13
are shown in Table 7 and summarized in Tables 9–11. In the
unbound lipids from the two cultures, straight-chain FA were
highly predominant. Oleic acid was the predominant FA
(Table 7). The oddness/evenness of the phenylalkanoic acids
was closely related to the length of the aliphatic chain of the
hydrocarbon fed. The same trends were observed with the ω-
phenyl β-hydroxy acids and the ω-phenyl alkanols (Table 7).

Primary (predominant) and secondary alcohols were identi-
fied.

β-Hydroxy acids constituted near the half part of the OH–

labile lipids and showed the predominance of 3-OH-n-12:0
(Table 10), whereas the ω-phenyl β-hydroxy acids showed
only a very low abundance. By comparison, the proportions
of β-hydroxy acids increased in the H+ labile lipids, with 3-
OH-n-12:0 still predominating (Table 11), and no ω-phenyl
β-hydroxy acid was detected. 

Cultures on cyclohexylalkanes. Marinobacter hydrocar-
bonoclasticus did not grow on cyclohexyldodecane but was
successfully cultured on cyclohexyltridecane. Analytical data
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TABLE 7 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three Lipid Poolsa Isolated from M. hydrocarbonoclasticus
Grown on Phenyl-C12 and Phenyl-C13 Hydrocarbons

Unbound                                OH– labile                                H+ labile

Lipids Ph-C12 Ph-C13 Ph-C12 Ph-C13 Ph-C12 Ph-C13

Saturated FA
n-10:0 —b — 3.4 +c — —
n-12:0 — + 15.9 12.6 + +
n-14:0 + + + 5.1 + +
n-16:0 16.4 16.6 6.8 4.3 2.6 6.5
n-18:0 5.6 6.1 + 2.3 + 4.9

Unsaturated FAd

n-14:1(5) — — 7.5 (5) 6.8 (5) — —
n-16:1(7;9c;11) 3.4 (7) 4.2 (7) + + + 2.5 (7)
n-18:1(9c;11c;13) 36.6 (9c) 34.4 (9c) 6.3 (9c) 6.3 (9c) + 6.2 (9c)

Phenyl-n-alkanoic and -alkenoic acids
Ph-n-9:0e — + — 4.3 — —
Ph-n-10:0 6.5 + + — — —
Ph-n-11:0 — 9.3 — + — —
Ph-n-12:0 17.1 — 3.0 + + —
Ph-n-13:0 + 12.9 — + — 2.9
Ph-n-13:1 — + — — — —

β-Hydroxy acids
n-10:0 — — — 0.5 0.4 0.1
n-11:0 — — — 0.2 1.8 0.1
n-12:0 — — 48.1 46.5 84.7 58.4
n-12:1 — — — 0.2 — —
n-13:0 — — — 0.4 0.4 0.1
n-14:0 — — — — — 0.3
Ph-n-8:0e 0.3 — 0.2 — — —
Ph-n-10:0 0.1 — 0.1 — — —
Ph-n-11:0 — 0.2 — — — —
Ph-n-12:0 0.1 — Trace — — —
Ph-n-13:0 — 0.5 — Trace — —

Alcohols
Ph-n-12:0,1-OHe 6.7 — 0.2 — — —
Ph-n-12:0,2-OH 1.0 — — — — —
Ph-n-13:0,1-OH — 6.6 — Trace — 1.3
Ph-n-13:0,2-OH — Trace — — — —

Other lipids 6.2 9.2 8.5 10.5 10.1 16.7

aExpressed as the percentage of total lipids for the considered pool. For abbreviations see Table 1.
b—, not detected.
c+, FA accounting for less than 2% of a considered pool.
dWhen several isomers are present, the percentages correspond to the total of the considered series; the position of the un-
saturation for the dominant unsaturated FA is given in parentheses.
eThe shorthand designation used for the lipids deriving from phenyl(Ph)alkanes gives the total number of carbon atoms in
the aliphatic straight chain before the colon, and after the colon, the number of double bonds in this chain.



on the lipids extracted from this latter culture are listed in Ta-
bles 8–11. FA distribution in the unbound lipids was rather
similar to that noted with the culture on Ph-C13, with palmitic
and oleic acids being predominant in the saturated and unsat-
urated lipids, respectively. Cyclohexylalkanoic acids ac-
counted for 44.1% of this lipid pool, with cyclohexylundec-
anoic acid (Ch-n-11:0) being predominant (35.3% of the
lipids). In addition to minute amounts of 3-OH-n-12:0, two
β-hydroxy acids derived from Ch-C13 occurred: 3-hydroxy-
cyclohexyltridecanoic acid (3-OH-Ch-n-13:0, at a trace
level), and 3-hydroxy-cyclohexylundecanoic acid (3-OH-Ch-
n-11:0, 0.2%) (Table 8). The main alcohol was cyclohexyl-
tridecan-1-ol (Ch-n-13:0,1-OH); no secondary alcohol was
observed. β-Hydroxy acids constituted 64.4 and 89.8% of the
OH– and H+ labile lipids, respectively. 3-OH-n-12:0 domi-
nated in both cases (Tables 10 and 11); no ω-cyclohexyl β-
hydroxy acid was detected. 

DISCUSSION

FA composition. This study shows that M. hydrocarbonoclasti-
cus is able to use a wide range of hydrocarbons and that its FA
profile changes markedly with the chemical structure of the hy-
drocarbon fed. For instance, the growth on n-eicosane induced
an almost exclusive production of Ceven FA, as in most gram-
negative bacteria grown on complex media (25). By contrast, on
iso- or anteiso-alkanes, FA profiles became typical of gram-pos-
itive bacteria, with high proportions of branched FA (29,30).
Such variations in lipid composition emphasize the need for cau-
tion when FA are used as taxonomic markers.

Numerous acids identified in the unbound lipids clearly
derived from the oxidation of the hydrocarbons fed. Their
parity was directed by the hydrocarbon chain length, as has
been generally observed in alkane biodegradation under aero-
bic conditions (6,9,12,31). However, the relationship between
anteiso-FA and anteiso-alkanes was not so clear: The propor-
tion of anteiso-Codd FA (mainly anteiso-17:0) was 22% of the
total anteiso-FA in the unbound lipids of the culture on
anteiso-20:0. Such a discrepancy could result from a regulation
process consisting of adapting the FA chain length to the re-
quirement of the bacterium. 

The results of this study also show that, in most cases, FA
not arising from the direct biodegradation of hydrocarbons are
in descending order: n-18:1(9c) > n-16:0 > n-16:1(7) + n-
16:1(9c), a distribution similar to that previously reported for
the bacterium grown on acetate or on a rich medium (12,14,32).
This means that neither the de novo synthesis nor the subse-
quent desaturation of FA were affected by the nature of the
carbon source.

Biodegradation pathways. Marinobacter hydrocarbono-
clasticus metabolizes hydrocarbons exhibiting aliphatic
chains, mainly via oxidation of the less hindered terminal
methyl group. The primary alcohols arising from oxidation of
the iso group undergo oxidation and further degradation via
the β-oxidation pathway, whereas those arising from the oxi-
dation of the anteiso group [HOCH2CH2CH(CH3)–R] can be
degraded only via the α-oxidation pathway.

Evidence for metabolism via the β-oxidation pathway was
provided by the detection of high proportions of saturated and
unsaturated n-17 FA in the culture on 10-methyl-nonadecane
(Table 5). The successive steps of β-oxidation would result in
the formation of 2-methyl-undecanoic acid, which in turn is
oxidized into n-9:0 acid. This acid or a Codd lower homolog
could then be taken in the de novo synthesis and lead to n-17
FA. The inability of the bacterium to grow on Ch-C12 could
be related to the formation of 2-cyclohexane-acetic acid from
a Ceven cyclohexylalkane during the β-oxidation cycle, an
acid generally toxic for bacteria (4).

Subterminal oxidation is a minor route for the biodegrada-
tion of the tested hydrocarbons. The derived Cn secondary alco-
hols were likely oxidized via a Bayer–Villiger-type reaction to
the corresponding Cn-2 acids (3), according to the detection of
intermediates such as n-17:0,1-OH, i-18:0,1-OH, and n-17:1,1-
OH in the cultures on n-C19:0, i-C20:0, and n-C19:1, respectively.
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TABLE 8 
FA, Hydroxy Acid, and Fatty Alcohol Composition of the Three
Lipid Poolsa Isolated from M. hydrocarbonoclasticus Grown on
Cyclohexyltridecane

Lipids Unbound OH– labile H+ labile

Saturated FA
n-12:0 —b 12.8 —
n-16:0 6.5 2.7 2.3 
n-18:0 3.8 +c +

Unsaturated FAd

n-14:1(5) — 10.4 —
n-16:1(7;9c;11) 5.2 (9c) + —
n-18:1(9c;11c;13) 35.3 (9c) + +

Cyclohexyl-alkanoic and -alkenoic acids
Ch-n-9:0e 2.2 + —
Ch-n-11:0 35.3 3.1 —
Ch-n-13:0 6.6 + —
Ch-n-13:1 + — —

β-Hydroxy acids
n-10:0 — 0.2 —
n-11:0 — 0.1 —
n-12:0 0.1 62.0 88.0
n-12:1(5) — 1.1 —
n-13:0 — 0.1 0.5
n-14:0 — — 1.3
n-14:1(5) — 1.2 —
Ch-n-11:0e 0.2 — —
Ch-n-13:0 Trace — —

Alcohol
Ch-n-13:0,1-OHe 0.8 0.1 —

Other lipids 4.0 6.2 7.9

aExpressed as the percentage of total lipids for the considered pool.
b—, not detected.
c+, FA accounting for less than 2% of a considered pool.
dWhen several isomers are present, the percentages correspond to the total
of the considered series; the position of the unsaturation for the dominant
unsaturated FA is given in parentheses.
eThe shorthand designation used for the lipids deriving from cyclohexyl
(Ch)tridecane gives the total number of carbon atoms in the aliphatic straight
chain before the colon, and after the colon, the number of double bonds in
this chain.



In the degradation of the terminal olefin n-nonadec-1-ene,
the identification of n-nonadecan-1,2-diol, likely arising from
the corresponding epoxide (3), indicated that oxidation of the
unsaturation had also occurred (Fig. 3). Oxidation of the diol
into 2-hydroxy-n-19:0 acid would lead to stearic acid (n-18:0
FA) via subsequent decarboxylation.

In the present study, α-oxidation of FA appears to be a
minor route, with the exception of anteiso-eicosane. In this
case, the presence of the high amount of anteiso-17:0 FA can
be explained only by α-oxidation of anteiso-18:0 FA.

β-Hydroxy acids. In the unbound lipids, a wide range of β-
hydroxy acids was found. They exhibit carbon atom numbers
in the range of C14–C20, resulting from the metabolism of the
hydrocarbons, and their chemical structures are closely re-
lated to those of the hydrocarbons fed. By contrast, the bound
β-hydroxy acids have carbon atom numbers in the range of
C10–C14, with a maximum at n-12:0, as previously observed
in cultures on n-eicosane, ammonium acetate, 1-chlorooc-
tadecane, or a complex medium (12,14,15). Comparison of
the profiles of the bound β-hydroxy acids shows some differ-
ences, however. LPS incorporate (i) a high proportion of 3-
OH-n-13:0 acid in the presence of a Codd n-alkane (24 and
35% of the ester- and amide-bound hydroxy acids, respec-
tively), (ii) a similar proportion of ω-unsaturated 3-OH-n-

13:1(12) acid, as an ester-bound hydroxy acid, in the presence
of a terminal n-olefin (21%) but not in the amide-bound
lipids, and (iii) low amounts of short-chain iso- or anteiso-β-
hydroxy acids (1 to 2% of the ester- and amide-bound hy-
droxy acids) in the presence of iso- and anteiso-alkanes. The
parities of these β-hydroxy iso- and anteiso-acids are identi-
cal to those of the parent hydrocarbons. The growth on
methyl-branched alkanes induces the production of a series
of ∆5-unsaturated β-hydroxy acids, n-12:1, n-13:1, and n-
14:1, accounting on the whole for 1–2% (iso-alkanes) up to
10% (anteiso- and mid-chain branched alkanes) of the total
β-hydroxy acids. By contrast, β-hydroxy acids from cultures
on cyclohexyl- and phenylalkanes exhibited mainly normal
saturated hydrocarbon chains. In addition, in a recent work
on the degradation of 1-chlorooctadecane by M. hydrocar-
bonoclasticus, we observed that ca. 10% of the hydroxy acids
in LPS were ω-chlorinated (15). Together, these data suggest
that LPS can incorporate nonspecific β-hydroxy acids insofar
as their steric hindrance and geometry do not markedly differ
from those of the specific β-hydroxy acids synthesized by the
bacterium in complex media. Their level of incorporation de-
creases with the following substituents in the order: CH3 (ω)
> –CH=CH2 (ω) > Cl (ω) > CH3 (iso or anteiso), for ester-
bound β-hydroxy acids, and CH3 (ω) > Cl (ω) > CH3 (iso or

EFFECTS OF HYDROCARBONS ON MARINOBACTER HYDROCARBONOCLASTICUS LIPIDS 501

Lipids, Vol. 39, no. 5 (2004)

FIG. 1. Mass spectra of the pyrrolidide derivative of 8-methyl-heptadecanoic acid (A) and the 12,13-dimethyl disulfide adduct of the trimethylsilyl
ether derivative of 3-hydroxy-tridec-12-enoic acid methyl ester (B).



anteiso), for amide-bound β-hydroxy acids. On the other
hand, β-hydroxy acids comprising mid-chain branching or
large groups, such as phenyl or cyclohexyl, as well as termi-
nal unsaturation in amide-bound β-hydroxy acids, are prohib-
ited in LPS of M. hydrocarbonoclasticus.

β-Hydroxy acids in LPS are attached to a phosphorylated
N-acetyl glucosamine dimer, forming the lipid A moiety.
Most modifications of lipid A are relatively moderate. For in-
stance, from strain to strain they concern the fatty acyl chain
length and the number of secondary acyl chains bound to the
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FIG. 2. Mass spectra of trimethylsilyl ether derivatives of anteiso-nonadecan-1-ol (A), 3-methyl-octadecan-1-ol (B), anteiso-eicosan-2-ol (C), and 3-
methyl-nonadecan-2-ol (D).



3-hydroxy acid (25). During the last decade, it was shown that
the nature of hydroxy acids is determined by the very high
specificity of the acyl-carrier protein enzymes responsible for
the O-acyl and N-acyl transfers in lipid A biosynthesis (33–
35). The present study provides new insight into the incorpo-
ration of some nonspecific β-hydroxy acids into LPS of a hy-
drocarbonoclastic bacterium.
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ABSTRACT: The oxidation of human LDL lipids and the struc-
tures of oxidized TAG molecules found in LDL were investigated.
Pooled samples of 10 normolipidemic and 10 hyperlipidemic
subjects were analyzed. For determination of the oxidation lev-
els, the LDL baseline diene conjugation (LDL-BDC) method was
used. A method based on HPLC and electrospray ionization-MS
was optimized and applied to the analysis of molecular structures
of oxidized TAG in LDL. Differences were found between the ox-
idation levels of the samples. The LDL-BDC value was 22.2
µmol/L serum in the normolipidemic group, and 88.1 µmol/L
serum in the hyperlipidemic group. The amounts of oxidized
TAG molecules were small. However, several species of oxidized
TAG were identified. These included TAG molecules with a keto
or an epoxy group attached to a FA, and TAG molecules with a
FA core aldehyde. In some TAG, the keto/epoxy ratio was greater
in the hyperlipidemic group compared to the normolipidemic
group. The results show that our approach is applicable to re-
search on lipid oxidation in lipoproteins. 

Paper no. L9352 in Lipids 39, 507–512 (May 2004).

During the last decade, evidence has accumulated on the role
of LDL in the development of atherosclerosis. Studies suggest
that the ultimate atherogenic agents are the modified, mainly
oxidized, forms of LDL (1–5). Most of the theories and specu-
lations concerning LDL oxidation and its role in atherosclero-
sis have been based on the assumption that oxidation of LDL
is exclusively of endogenous origin. However, some studies
have shown that the oxidation of dietary lipids is reflected in
the degree of oxidation of chylomicrons and VLDL (6,7). 

At present, there are few methods for direct measurement
of the lipoprotein oxidation level. Estimation of in vivo LDL
oxidation has been based largely on the determination of au-
toantibodies to oxidized LDL (8). A novel method, LDL base-
line diene conjugation (LDL-BDC), has been developed for
fast measurement of oxidized LDL in human blood samples
(8–10). Implications of LDL-BDC in human atherosclerosis,
as well as relationships between LDL-BDC and various risk
factors, have been investigated in recent studies (10–12). 

Because the diet may contribute to the burden of oxidized
lipids in plasma lipoproteins, it is worthwhile to investigate the
link between oxidized dietary lipids and the oxidation of

lipoproteins. However, only a few species of oxidized lipids in
lipoproteins have been studied. These are mainly cholesteryl
esters and glycerophospholipids (13–15). To our knowledge,
the structures of oxidized TAG molecules of lipoproteins have
not been identified earlier, although they also may have an im-
portant role in lipoprotein oxidation (16) and are thus an inter-
esting object of investigation.

Nonvolatile autoxidation products of TAG have a hydroper-
oxy, hydroxy, epoxy, or oxo (aldehyde or ketone) group(s) or a
combination of these groups attached to the TAG molecule.
Some studies have been performed on the structures of oxi-
dized TAG. The research group of Steenhorst-Slikkerveer (17)
has used normal-phase HPLC to analyze oxidation products of
vegetable oils. Byrdwell and Neff (18–20) have investigated
nonvolatile autoxidation products of TAG using RP-HPLC
combined with atmospheric-pressure chemical ionization-MS
(APCI-MS) or electrospray ionization-MS (ESI-MS). These
researchers have detected several hydroperoxide, epoxide, and
ketone structures. Sjövall et al. (21) determined elution factors
of synthetic, oxidized TAG for RP-HPLC. For the detection of
molecular ions, the researchers used ESI-MS. The elution fac-
tors of oxidized TAG were obtained by plotting the retention
times of the compounds against the theoretical carbon number.
With the help of the elution factors, a curve-fitting procedure
could be applied to different compounds to identify them (21).

The current study is partly based on the results of Sjövall et
al. (21). The HPLC-ESI-MS method used by the group was op-
timized and applied to the analysis of oxidized TAG molecular
structures of human LDL samples. The LDL-BDC method was
used to evaluate the oxidation levels of the samples.

MATERIALS AND METHODS

Chemicals and reagents. 3-Chloroperoxybenzoic acid, tri-
phenyl phosphine (TPP), and activated manganese dioxide
(MnO2) were obtained from Aldrich Chemical Co. (Milwau-
kee, WI) and 2,4-dinitrophenylhydrazine (DNPH) from Sigma
Chemical Co. (St. Louis, MO). Reagents were of reagent grade
quality or better. All solvents were of chromatography or
reagent grade and were purchased from local suppliers. Syn-
thetic saturated monoacid TAG were included in the HPLC
standard (G-1) obtained from Nu-Chek-Prep, Inc. (Elysian,
MN). Synthetic 1,3-distearoyl-2-oleoyl-sn-glycerol was ob-
tained from Sigma Chemical Co. 1,3-Didocosanoyl-2-oleoyl-
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sn-glycerol and 1-linoleoyl-2-oleoyl-3-palmitoyl-sn-glycerol
were obtained from Larodan Fine Chemicals AB (Malmö,
Sweden). 

Preparation of reference compounds. The synthetic TAG,
along with their oxidized derivatives prepared in this study, are
listed in Table 1. Core aldehyde standards (IIa, IIb, IVa, Vc,
Vd, VIc, VId) were obtained by TPP reduction of ozonides
(22). TAG (5–40 mg) was dissolved in 4 mL of hexane and
ozonized for 40 min in an ice bath. After the solvent was re-
moved by blowing N2 across the solution, the ozonides were
dissolved in 4 mL of chloroform and reduced to aldehydes by
reacting with 25–50 mg of TPP for 1 h at room temperature.
The aldehydes were purified by TLC as described below, and
part of them were converted into DNPH derivatives (IIb, IVa,
Vd, VId) by treating with 1–4 mL of DNPH reagent (1 mg
DNPH in 2 mL of 1 M HCl) at 60°C for 30 min (23). The
DNPH derivatives were extracted from the solution with chlo-
roform/methanol (2:1, vol/vol). 

Epoxides (Ia, IIIa, Va, VIa) were prepared by the method of
Deffense (24). A sample of 2–5 mg of TAG was oxidized with
4–10 mg of 3-chloroperoxybenzoic acid in 400 µL of dichloro-
methane at room temperature for 1–2 h followed by purification
using TLC as described below.

Hydroperoxides (Ib, IIIb, IIIc, Vb, VIb) were prepared by
photo-oxidation (25). TAG (10–20) was added to 3 mL of meth-
ylene blue solution (0.1 mM of methylene blue in dichloro-
methane) in a test tube that was placed in an ice bath under a 250-

W photographer’s lamp. The distance between the sample solu-
tion and the lamp was 20 cm. Hydroperoxides were purified by
TLC as described below.

For the preparation of hydroxides (Ic, VIe), 1 mg of hy-
droperoxide was dissolved in 2 mL of chloroform and reduced
to hydroxide by reacting with 15–20 mg of TPP for 1 h at room
temperature (26). The hydroxy compounds were purified by
TLC as described below.

Ketone standards (Id, VIf) were prepared by oxidizing the
corresponding hydroxides with activated manganese dioxide
(27). The hydroxide (0.3 mg) was dissolved in 0.5 mL of chlo-
roform. The solution and 50 mg manganese dioxide were trans-
ferred to a test tube, which was placed in a shaker. Reaction
was allowed to take place for 6 d at 37°C (Id) or for 3.25 h at
60°C (VIf) . 

Purification of TAG and their oxidation products. Normal-
phase TLC was used to purify TAG and their derivatives (28).
Heptane/di-isopropyl ether/acetic acid (60:40:4, by vol) solu-
tion was used as the mobile eluent. Samples were applied to
silica G-plates. Resolved components were scraped off the
plates and were recovered from the silica gel by extraction with
chloroform/methanol (2:1, vol/vol). When TLC was used to
separate the LDL lipid samples, the fraction below the TAG
band, which contained the oxidized TAG molecules, was
scraped from the plate (21). The extracts were washed with dis-
tilled water. TAG and their hydroxy, hydroperoxy, keto, and
epoxy derivatives were detected in UV light after spraying with
2,7-dichlorofluorescein. Core aldehydes showed a purple color
with a Schiff base reagent (28). 

Derivatization of LDL-TAG core aldehydes. To derivatize
the TAG core aldehydes of LDL, part of the oxidized TAG of
the LDL samples was allowed to react with DNPH as described
for the reference compounds, the exception being that the reac-
tion took place at 6°C overnight. 

Samples. Two pooled serum samples each from 10 subjects
of various ages were collected. In regard to total cholesterol
level, one of the groups (group 1) consisted of normolipidemic
subjects (close to the lower limit of normal range) and the other
(group 2) of hyperlipidemic subjects. Blood samples were ob-
tained by venipuncture after an overnight fast. Serum was sepa-
rated from cells by centrifugation at 3000 × g for 15 min. LDL
was precipitated by buffered heparin as described earlier (11).
LDL was suspended in 1.15% sodium chloride solution, and
total lipids were extracted from LDL using chloroform/methanol
(2:1, vol/vol). Lipid classes were separated from each other using
the TLC system described above. 

Determination of the oxidation level of LDL. For estimation
of LDL oxidation by the baseline level of diene conjugation in
LDL, part of the total lipid extract was dissolved in cyclo-
hexane and analyzed spectrophotometrically at 234 nm. Ab-
sorbance units were converted to molar units using the molar
extinction coefficient 2.95 × 104 M−1 cm−1 (11).

FA analysis of sample TAG. The FAME of TAG were prepared
by sodium methoxide-catalyzed transesterification (29). Methyl
esters were dissolved in hexane and analyzed by GC (Perkin-
Elmer AutoSystem, Norwalk, CT) using a DB-23 column (30 m
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TABLE 1
Reference Compounds Used in the Studya

Number TAGb Number Derivatized TAGb

I 18:0-18:1-18:0 Ia 18:0-18:1 epoxyc-18:0 
Ib 18:0-18:1 OOH-18:0 
Ic 18:0-18:1 OH-18:0 
Id 18:0-18:1 keto-18:0

II 18:1-18:0-18:0 IIa 9:0 ALD-18:0-18:0 
IIb 9:0 ALD-18:0-18:0 DNPH

III 18:1-18:1-18:0 IIIa 18:1-18:1-18:0 diepoxyc

IIIb 18:1 OOH-18:1-18:0 
IIIc 18:1 OOH-18:1 OOH-18:0 

IV 18:2-18:1-16:0 IVa 9:0 ALD-9:0 ALD-16:0 di-DNPH

V 18:0-18:2-18:0 Va 18:0-18:2 diepoxyc-18:0
Vb 18:0-18:2 OOH-18:0
Vc 18:0-9:0 ALD-18:0 
Vd 18:0-9:0 ALD-18:0 DNPH

VI 22:0-18:1-22:0 VIa 22:0-18:1 epoxyc-22:0 
VIb 22:0-18:1 OOH-22:0 
VIc 22:0-9:0 ALD-22:0 
VId 22:0-9:0 ALD-22:0 DNPH 
VIe 22:0-18:1 OH-22:0 
VIf 22:0-18:1 keto-22:0 

VII Series of saturated
TAG (24:0–54:0) 

aALD, aldehyde; DNPH, 2,4-dinitrophenylhydrazone.
bRegioisomers (sn-1 and sn-3 positions not distinguished from each other).
cPosition of an epoxy group has been marked as an underlined double bond.



× 0.32 mm i.d., 0.25 µm film thickness; Agilent Technologies,
Palo Alto, CA). The instrument was equipped with an FID.

Analysis of samples by HPLC-UV/ELSD and HPLC-ESI-
MS. TAG and their oxidation products were separated by RP-
HPLC. The HPLC system consisted of a Hitachi (Tokyo,
Japan) L-6200 Intelligent Pump with a Discovery® HS C18
column (250 × 4.6 mm i.d.; Supelco Inc., Bellefonte, PA). The
column was eluted at 0.85 mL/min, and a linear gradient was
used: 20% 2-propanol in methanol was changed to 80% 2-
propanol in 20 min. The final composition was held for 10 min.
Eighty-five percent of the effluent (0.72 mL/min) was led to a
Sedex 75 (S.E.D.E.R.E., Alfortville, France) ELSD through a
Shimadzu (Kyoto, Japan) SPD-6AV UV/vis detector that was
used for the analysis of DNPH derivatives of core aldehydes at
358 nm. An evaporation temperature of 70°C and nebulizer gas
(air) pressure of 2.7 bar were used in the ELSD. Fifteen per-
cent of the effluent (0.13 mL/min) was led to a Finnigan MAT
TSQ 700 triple quadrupole mass spectrometer (Finnigan, San
Jose, CA) equipped with a nebulizer-assisted electrospray in-
terface. As a sheath liquid, 1% ammonia in methanol was
added at a flow rate of 3 µL/min to improve ionization. Full-
scan MS spectra were collected in negative (m/z 600–1200) and
positive (m/z 450–1100) ionization mode.

Statistical analysis. SPSS 10.0 for Windows (Chicago, IL)
was used for data analysis. The comparison of FA composi-
tions was carried out with independent samples t-tests.

RESULTS AND DISCUSSION

LDL-BDC values of the samples were 22.2 and 88.1 µmol/L
for groups 1 and 2, respectively. Thus, the serum of group 2
contained more conjugated dienes in LDL lipids than the serum
of group 1. It is important to notice that the lipid content of
LDL of group 2 was over twice that of group 1 (7.1 vs. 3.1
mg/mL serum). The molar proportion of conjugated dienes in
the LDL lipids of group 2 was therefore 1.7 times higher than
in the LDL lipids of group 1. Physiologically this is probably
not particularly important, yet it is noteworthy during sample
preparation and analysis.

FA compositions of the TAG of LDL of the two groups are
listed in Table 2. Normolipidemic subjects had more 18:1n-9
(oleic acid), 18:2n-6 (linoleic acid), 18:3n-3 (α-linolenic acid)
and 18:3n-6 (γ-linolenic acid) and less 14:0 (myristic acid),
16:0 (palmitic acid), and 16:1n-7 (palmitoleic acid) in their
LDL-TAG than did hyperlipidemic subjects. The results were
anticipated owing to generally poorer dietary habits of hyper-
lipidemic subjects. 

The retention times obtained with the present HPLC column
were longer than those with the column used by Sjövall et al.
(21). This is why the linear gradient was changed from the orig-
inal 30 min to 20 min. Despite the change, the standard curve
made with a series of saturated TAG (G-1) was linear between
10 and 30 min. The validity of the elution factors determined
by Sjövall et al. for the present column and gradient program
was tested with TAG of different molecular species and with
core aldehyde, hydroperoxide, hydroxide, and epoxide refer-

ence compounds (Table 1). Based on these results, the conclu-
sion was drawn that the elution factors could be applied to the
present column as such. 

Some oxidation products of TAG could be detected from the
TLC fraction below the TAG band. The oxidized structures
were found by extracting peaks of a specific m/z value from
MS chromatograms (Fig. 1). Only [M + Na]+ ions were formed
from molecules other than DNPH derivatives, which were seen
as [M − H]− ions. This simplified identification. If the retention
time for a peak of an m/z value suggested a certain type of oxi-
dation product and a particular FA composition, and a homolo-
gous series of ions was found in the chromatogram, this was
regarded as strong evidence of a specific molecular structure.
Our HPLC method makes it possible to distinguish between
oxidized FA that are in the sn-1/3 position and those that are in
the sn-2 position (21). However, this was not possible in the
present study owing to the low intensity of the peaks in the MS
chromatograms. Thus, the molecular structures of oxidized
TAG described below do not denote regioisomers. 

Because of the small amounts of oxidation products, no
quantification could be made. In ELSD chromatograms, no
proper peaks were found for oxidized TAG molecules. Like-
wise, no quantification could be made based on UV or MS
chromatograms. In an ELSD chromatogram, a peak became
visible when approximately 40 ng oxidized TAG reference
compound was injected into the column. Based on this, it was
estimated that, on the average, at most 20 ng/mL of non-
volatile oxidation products of LDL-TAG occurred in the serum
of the subjects. 

Oxidation had occurred in only one of the FA of a TAG mol-
ecule in those oxidation products that were detected. These
products consisted of TAG molecules with a hydroxy (uncer-
tain), keto, or epoxy group attached to a FA, or of TAG mole-
cules with a FA core aldehyde. The postulated molecular
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TABLE 2
FA Composition of LDL TAG of Groups 1 (normolipidemic)
and 2 (hyperlipidemic)a

FA Group 1 Group 2

14:0 2.0 ± 0.14b 3.5 ± 0.02c

14:1n-5 0.2 ± 0.0 0.4 ± 0.0
15:0 0.3 ± 0.00b 0.4 ± 0.00c

16:0 25.7 ± 0.32b 30.5 ± 0.04c

16:1n-7 3.8 ± 0.02b 5.9 ± 0.04c

17:0 0.3 ± 0.02b 0.5 ± 0.00c

18:0 3.6 ± 0.1 4.0 ± 0.0
18:1n-9 41.7 ± 0.4 39.8 ± 0.0
18:1n-7 3.1 ± 0.02b 2.6 ± 0.02c

18:2n-6 14.2 ± 0.23b 9.3 ± 0.03c

18:3n-6 0.3 ± 0.00b 0.2 ± 0.00c

18:3n-3 1.6 ± 0.02b 1.1 ± 0.01c

20:1n-9 0.6 ± 0.2 0.3 ± 0.0
20:4n-6 1.2 ± 0.1 0.7 ± 0.0
20:5n-3 0.6 ± 0.2 0.3 ± 0.0
22:6n-3 1.0 ± 0.2 0.6 ± 0.0
aResults are expressed as percentage of total FA, mean ± SD (n = 2; same
samples analyzed twice). Different superscript roman letters indicate signifi-
cant differences between groups (P < 0.05).



structures of these products are listed in Table 3. No retention
factors were determined earlier for ketone compounds. Thus,
the postulated presence of ketones based on the extracted peaks
in the MS chromatograms (Fig. 1) had to be confirmed. For this

purpose we prepared reference compounds (Table 1). The re-
tention times of the postulated ketone peaks were compared to
the retention times of the reference compounds. Based on the
results, the presence of TAG molecules with a ketone group in
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FIG 1. Ion chromatograms showing the oxidized TAG molecules of 52 acyl carbons with a ketone or an epoxy
group attached to a FA. Postulated molecular structures (not regioisomers) are included in the chromatograms. The
mass calibration of the instrument was made using m/z values 0.5 units higher than the calculated isotopic masses;
the ions have been detected accordingly. (A) Normolipidemic subjects. (B) Hyperlipidemic subjects. 



one of the FA became evident. The ketone structures may have
formed in either of two ways: Either the number of double bonds
between FA carbons had not changed (e.g., conversion of a hy-
droperoxide to a ketone by dehydration), or there was one less
double bond (formation of a ketone at a site of unsaturation). 

Autoxidation of TAG may also produce two distinct classes of
epoxides (20), those in which the oxygen atom is added at the site
where a double bond has been, and those in which the epoxide is
added near a double bond so that no double bonds are lost. 

No major differences were found between the oxidation
products of the samples. Noticeable differences were found
only in the molecules of 52 acyl carbons, 52 being was the most
common and abundant acyl carbon number for the oxidized
TAG molecules. The structures 18:1 keto/18:1/16:0 and 18:1
keto/18:0/16:0 + 18:0 keto/18:1/16:0 seemed to be more abun-
dant in group 2, and the structure 18:1 epoxy/18:1/16:0 was
found only in group 1 (Fig. 1). Otherwise, the same oxidation
products were found in both samples.

An interesting detail is that no hydroperoxides were found
in the TAG. This is surprising, but is in accordance with the hy-
pothesis that only traces of unmodified hydroperoxy lipids are
found in tissue and blood samples (30). According to the stud-
ies of Yamamoto (31), cholesteryl ester hydroperoxides are
present in rat and human plasma, whereas PC hydroperoxides
are undetectable because of enzymatic and non-enzymatic re-
duction and conversion. Modification of hydroperoxide struc-
tures could also take place in the TAG molecules of LDL. TAG
hydroperoxides of dietary origin may, to a large degree, be re-
duced and decomposed to secondary oxidation products al-
ready in the gastrointestinal tract (32,33).

Also, the presence of hydroxides in our samples remains un-
certain, although some weak peaks that could represent the mo-
lecular structure 18:1 OH/18:1/16:0 were found in the samples
(Table 3). The possibility that some decomposition of hy-
droperoxy and hydroxy structures had occurred during sample
preparation and analysis cannot be excluded. However, our ref-
erence compounds were observed to be relatively stable during
storage and during TLC and HPLC-MS runs. Therefore, sam-
ple preparation probably does not explain the absence of hy-
droperoxides in the samples. What may cause some distortion
to the seeming proportions of oxidized TAG molecules is that
most core aldehydes may not be detected as such, because they
form easily covalent bonds with amino acids, peptides, and
proteins (34,35). Also, minor amounts of artificially formed ox-
idized lipids could be present in the samples (36).

In conclusion, our approach seems to be applicable to re-
search on physiological LDL samples. The LDL-BDC method
already has been shown to be a sensitive method for the deter-
mination of LDL lipid oxidation. The method based on HPLC-
ESI-MS enables identification of individual molecular struc-
tures of oxidized TAG, but it has not been used for the analysis
of physiological samples before now. The results of the present
study show that even small amounts of oxidized TAG struc-
tures can be detected and identified in lipoprotein samples. 
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TABLE 3
Postulated Structures of the Oxidized TAG Molecules Found in the LDL Samplesa

ACNb Ketones Epoxides Aldehydes Hydroxides

48 16:1 keto/16:1/16:0
16:1 keto/16:0/16:0
16:0 keto/16:0/16:0

50 18:2 keto/16:0/16:0 18:0 epoxy/16:0/16:0 9:0 ALD/16:0/16:0
18:1 keto/16:0/16:0
18:0 keto/16:0/16:0

52 18:2 keto/18:2/16:0 18:2 epoxy/18:1/16:0 9:0 ALD/18:2/16:0 18:1 OH/18:1/16:0d

18:2 keto/18:1/16:0 18:1 epoxy/18:2/16:0 9:0 ALD/18:1/16:0
18:1 keto/18:2/16:0 18:1 epoxy/18:1/16:0c

18:1 keto/18:1/16:0 18:1 epoxy/18:0/16:0
18:1 keto/18:0/16:0 18:0 epoxy/18:1/16:0
18:0 keto/18:1/16:0 18:0 epoxy/18:0/16:0c

54 18:2 keto/18:1/18:1 18:1 epoxy/18:0/18:1 9:0 ALD/18:1/18:1
18:1 keto/18:2/18:1 18:0 epoxy/18:1/18:1
18:1 keto/18:1/18:1
18:1 keto/18:1/18:0

aThe most probable molecular structures, presented here, are on m/z values, TAG FA compositions, and the assumption
that the most unsaturated FA is oxidized; regioisomers are not distinguished.
bAcyl carbon number of the original TAG molecule.
cOnly in group 1 (normolipidemic subjects).
dUncertain.
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ABSTRACT: Commercial preparations of Candida rugosa lipase
(CRL) are mixtures of lipase isoforms used for the hydrolysis and
synthesis of various esters. The presence of variable isoforms
and the amount of lipolytic protein in the crude lipase prepara-
tions lead to a lack of reproducibility of biocatalytic reactions.
Purification of crude CRL improve their substrate specificity,
enantioselectivity, stability, and specific activities. The expres-
sion of the isoforms is governed by culture or fermentation con-
ditions. Unfortunately, the nonsporogenic yeast C. rugosa does
not utilize the universal codon CTG for leucine; therefore, most
of the CTG codons were converted to universal serine triplets
by site-directed mutagenesis to gain expression of functional li-
pase in heterologous hosts. Recombinant expressions by multi-
ple-site mutagenesis or complete synthesis of the lipase gene
are other possible ways of obtaining pure and different CRL iso-
forms, in addition to culture engineering. Protein engineering of
purified CRL isoforms allows the tailoring of enzyme function.
This involves computer modeling based on available 3-D struc-
tures of lipase isoforms. Lid swapping and DNA shuffling tech-
niques can be used to improve the enantioselectivity, thermosta-
bility, and substrate specificity of CRL isoforms and increase their
biotechnological applications. Lid swapping can result in chimera
proteins with new functions. The sequence of the lid can affect
the activity and specificity of recombinant CRL isoforms. Can-
dida rugosa lipase is toxicologically safe for food applications.
Protein engineering through lid swapping and rationally designed
site-directed mutagenesis will continue to lead to the production
of CRL isoforms with improved catalytic power, thermostability,
enantioselectivity, and substrate specificity, while providing evi-
dence for the mechanisms of actions of the various isoforms.

Paper no. L9534 in Lipids 39, 513–526 (June 2004).

Candida rugosa (formerly C. cylindracea) is a nonsporo-
genic, unicellular, nonpathogenic yeast. It has the GRAS
(generally regarded as safe) status, and no adverse effect on
human or other forms of life has been reported as a result of
traditional or open fermentation when both purified and crude
preparations are used for the production of food and flavor
materials. Strain ATCC 14830 and Type VII are the wild-type
strains most widely used to produce lipases. Other commer-

cial sources of crude C. rugosa lipases (CRL) are Amano,
Biocatalysts, Roche, Meyto-Sangyo, BDH, Fluka, and Gen-
zyme. Extracellular lipases (TAG acylhydrolase, EC 3.1.1.3)
are versatile enzymes used to catalyze both the hydrolysis and
synthesis of ester compounds. Crude CRL is a widely used
enzyme for biotransformations and biocatalysis (acylation
and deacylation) reactions to produce useful materials for
food, flavor, fragrance, cosmetics, pharmaceutical, and other
industrial applications. The wild-type lipase is a mixture of
many lipases and esterases acting often in direct competition
or in concert with each other to affect a process. Because the
individual lipases (isomers, isozymes, or isoforms) are not
isolated and purified before most applications, the native or
wild-type enzyme exhibits a wide range of substrate speci-
ficity, acyl chain length specificity, and stereoselectivity. 

Lipases, in general, have broad specificities (substrate, FA
chain length, position, and enantioselectivity). However, vari-
ous preparations of CRL are classified as nonpositional spe-
cific lipases. That is, they can catalyze hydrolysis or esterifica-
tion at the sn-1, -2, and -3 positions of the glycerol molecule
and other nonglycerol moieties such as phospholipids, sug-
ars, and polyhydric alcohols (polyols). Substrate specificity is
important in the purification, hydrolysis, and synthesis of im-
portant compounds. This factor greatly limits the application
of crude CRL (mixed isoforms) in the production of specific
compounds with high purity and reproducibility. This lack of
reproducibility of reactions was attributed to the variable pro-
portion of isoforms, amount of water in the crude lyophilized
lipase, and the amount of lipolytic protein present in the pow-
dered enzyme (1). It is important therefore that the different
isoforms of crude CRL be separated and purified to homo-
geneity, if possible, to enable us to understand the mechanism
of lipase catalysis and to find ways to engineer the lipases to
utilize new substrates; increase their substrate specificity,
enantioselectivity, stability (temperature, pH, organic solvent,
etc.), and specific activities; act in concert with other en-
zymes; and find new applications. Therefore, manipulating cul-
ture conditions and using recombinant DNA technology are
means of obtaining different CRL isoforms. Many applications
of crude CRL have been reviewed (2,3). These include use in
flavor development of cheese, fermented products, and ice
cream; production of bioactive pharmaceuticals; stereoselec-
tive synthesis of desired enantiomers of racemic compounds
through hydrolysis or esterification; carbohydrate FA ester
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synthesis for use as emulsifiers and biosurfactants, glycero-
glycolipids, MAG, DAG, and TAG, amides, biocides or pes-
ticides; bioremediation in waste disposal; the tanning process;
as possible biosensors for determination of TAG in clinical,
food, and chemical diagnosis; and in cosmetics and per-
fumery (Table 1). The current review does not cover the func-
tion of lipases during digestion and absorption. Specifically,
this review will highlight the problems of using commercial
lipases in biotransformations and biocatalysis; highlight what
has been done so far to isolate and purify the multiple forms
of CRL, to improve their catalytic power, substrate speci-
ficity, and enantioselectivity using the tools of molecular bi-
ology; and indicate their potential applications.

PURIFICATION OF C. RUGOSA LIPASE 
AND ISOFORMS

When enzyme proteins contain other proteins and enzymes,
the specific activity of the enzyme in question is suppressed.
Purification by various methods increases the enzyme’s spe-
cific activity while reducing the effect of other contaminants.
Crude CRL is no exception. Indeed, studies have shown that
there are up to seven isoforms of the same lipase (4). The ex-
pression of these isoforms is governed by culture or fermen-
tation conditions. Fermentation processes in submerged
batch, and continuous cultures are available for C. rugosa li-
pase production (5–7). Usually, a carbon source to support
growth, a lipid source to induce lipase production, nitrogen,
dissolved oxygen, and a pH value of 5.5–7.0 are required to
produce lipases (7). FA with higher solubilities tend to sup-
port higher cell growth but reduced or no lipase production
(6). Oleic acid is one of the best inducers of lipase produc-
tion. For example, oleic acid is known to greatly induce the
preferential expression of the Lip1 isoform, possibly at the
level of transcription. 

CRL purification can be carried out using available pro-
tein/enzyme purification techniques such as ammonium sul-
fate precipitation at different concentrations, precipitation
with acetone, sodium cholate and ethanol/ether precipitation,
anion exchange chromatography on DEAE-Sephacel or
Sepharose CL-6B, a gel filtration technique on Sephacryl S-100
HR, and SDS-PAGE gel electrophoresis (with appropriate
stain for protein and enzyme activity).

ASSAY

Different assay methods are available for lipase activity, de-
pending on the application of the enzyme and substrates in-
volved (i.e., whether hydrolysis, esterification, etc.). Lipase ac-
tivity is usually determined titrimetrically by a pH-Stat method
using tributyrin, triolein, olive oil, or other emulsified TAG
substrates, which may include mixed TAG. One unit of enzyme
activity is defined as the amount of lipase that releases 1 µmol
of FA per min under the defined assay condition. Spectropho-
tometric assays are available using chromogenic substrates
such as p-nitrophenyl esters. The change in absorbance is
measured at 348 nm (isosbestic point of the p-nitrophenol/p-
nitrophenoxide couple) to avoid the absorbance change due
to the pH effect on the p-nitrophenol/p-nitrophenoxide ratio.
One lipase activity unit is defined as the amount of lipase re-
quired to release 1 µmol of product per min under a defined
assay condition. An alternative colorimetric assay uses 1,2-
O-dilauryl-rac-glycero-3-glutaric-resorufin ester (Roche) as
a specific lipase chromogenic substrate (8). Sometimes, es-
terase activity is measured because most of the lipases con-
tain esterase activity. In this case, a spectrophotometer is used
and p-nitrophenyl ester of different acyl chain length becomes
the test substrate, and the absorbance of released p-nitrophe-
nol is measured at 410 nm where p-nitrophenoxide has a max-
imal molar extinction coefficient at alkaline pH. 
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TABLE 1
Selected Applications of Crude Commercial Mixtures of Candida rugosa Lipasea

Application Reaction type Reference

Preparation of alkyl esters of FA Esterification 62
Monoestolides Esterification 63
FA production Hydrolysis 64–70
Discrimination against DHA, GLA, and DHGLA Kinetic resolution, transesterification 71–73
Enrichment of erucic acid up to 80% Selective hydrolysis 74,75
Optically active ibuprofen Resolution of racemates by hydrolysis 76
Naproxen Esterification of racemic mixture 77
Ketoprofen Hydrolysis 78
Synthesis of acylglycerols containing PUFA and CLA Interesterification 79
Purification of CLA isomers Selective esterification 80
Steryl, stanyl, and steroid ester synthesis Esterification, transesterification 81
Bioremediation Hydrolysis 82
Enantioselective production of anti-inflammatory drug Hydrolysis 83
Resolution of DL-menthol Esterification 84,85
Polymer degradation Hydrolysis of side chain 86
Synthesis of structured lipids Interesterification 87
Synthesis of terpene or flavor esters Esterification 88
Synthesis of alkyl glucoside FA esters Esterification 89
aGLA, γ-linoleic acid; DHGLA, dihomo-γ-linoleic acid; CLA, conjugated linoleic acid.



EXPRESSION OF DIFFERENT ISOFORMS

Crude commercial CRL obtained from various sources show
remarkable variations in catalytic efficiency, substrate speci-
ficity, and enantioselectivity. They lack reproducibility when
used in food processing and biocatalysis; thus, it is difficult
to compare and interpret results from various applications and
from the literature. Native or wild-type CRL obtained by con-
ventional fermentation techniques are a mixture of various
isoforms (isozymes) owing to the differential response of the
different genes, in both the wild-type and mutant strains, to
the varied fermentation conditions employed by different en-
zyme suppliers (9–11). The importance and the difficulty of
separating these isoforms by normal chromatographic tech-
niques cannot be overemphasized. This problem is accentu-
ated by a high similarity and sequence homology in their
structure, leading to similar physical properties that make iso-
lation an uphill task. Depending on the purification scheme
employed, the property of the different isoforms may be al-
tered (12). Up to seven lipase genes (LIP1–LIP7) have been
described in C. rugosa, and only three (LIP1, LIP2, and LIP3)
have been successfully identified (4,6,13–16) in commercial
crude CRL preparations. 

Cloning seems to be a viable and reasonable approach to
the isolation, purification, production, characterization, and
optimization of the biocatalytic properties of the different
pure isoforms in an industrial scale. Unfortunately, despite
the general availability of the cloned genes, the nonsporo-

genic yeast C. rugosa does not utilize the universal codon
CTG for leucine. Indeed, C. rugosa utilizes nonuniversal
codons by reading CTG as serine  (17,18). The CTG triplet
encodes most of the serine residues in five C. rugosa lipases,
including the catalytic Ser-209 (Fig. 1). Attempts to express
such genes heterologously (in other hosts) may lead to the
production of inactive lipases. Therefore, there is a great need
to convert most of the CTG codons to universal serine triplets
for the expression of a functional lipase protein in heterolo-
gous hosts such as Escherichia coli or Pichia pastoris. We
have amended LIP4 and LIP2 genes by site-directed mutage-
nesis and successfully expressed the amended genes in E. coli
and P. pastoris (17,19,20). An alternative approach is to per-
form complete synthesis of the gene as in the case of LIP1
(21).

We have previously identified multiple forms and functions
of CRL in three commercial C. rugosa lipase preparations (9).
The purified isoforms have different catalytic efficiency, sub-
strate specificities, and thermal stabilities. Surfactants are
known to induce lipase production. Tweens 20 and 80 were
able to promote lipase production as well as change the ex-
pression of lipase isoforms in cultured C. rugosa. These sug-
gest that the specificity and stability of lipase preparations can
be changed by engineering the culture conditions, which in
turn result in change of the isoform compositions.

Five lipase-encoding genomic sequences from C. rugosa
have been characterized (22,23). LIP1–LIP5 genes (lipase-
encoding genes) were isolated from a Sac I genomic library
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FIG. 1. Distribution of codon triplets, CTG, encoding the serine residues including the active site Ser 209, in five Candida rugosa lipase isoforms.



of C. rugosa by colony hybridization. These genes encode for
mature proteins of 534 amino acid residues with putative sig-
nal peptides of 15 amino acids in (LIP1, LIP3, LIP4, and
LIP5) and 14 in LIP2, respectively. The deduced amino acid
sequences of the five genes share an overall identity of 66%
and similarity of 84%. Because of the high sequence homol-
ogy among the five sequences and the differential expression
level of the five lipase genes, it is very difficult to purify each
isoform directly from the cultures of C. rugosa on an indus-
trial scale. Therefore, for highly related genes, the conven-
tional methods of mRNA analysis are not specific and sensi-
tive enough to distinguish and quantify individual mRNA.
The transcription pattern of such genes is difficult to distin-
guish by the usual Northern blot analysis. The nuclease pro-
tection assay can discriminate among closely related genes.
However, this method, like the Northern blot, is not sensitive
enough to detect low levels of mRNA and allow their quan-
tification. Hence, the competitive reverse transcription poly-
merase chain reaction (RT-PCR) technique was developed to
circumvent this problem and obtain quantitative information
on highly related C. rugosa LIP genes at the transcriptional
level owing to the high specificity and sensitivity of the tech-
nique (10). In using the RT-PCR technique, the relative abun-
dance of LIP mRNA was found to be LIP1, LIP3, LIP2, LIP5,
and LIP4 (in decreasing order). High expression of LIP1 and
LIP3 was achieved, whereas the expression of LIP4 and LIP5
was only 0.1–0.5% of the expression of the LIP1 transcript
using YM (0.3% yeast extract, 0.3% malt extract, 0.5% pep-
tone, and 1% dextrose) culture conditions. The expression
profiles were consistent with the findings that LIP1 and LIP3
are the major lipase proteins obtained by purification meth-
ods (14,24). The five LIP genes are transcriptionally active.
However, the presence of different inducers may change the
expression profile of the individual genes. LIP1 and LIP3
genes were constitutively expressed and showed minor
changes at the transcriptional level in various culture media.
On the other hand, the LIP1 gene was found to be suppressed
by oleic acid whereas LIP3 expression was induced by oleic
acid. Both olive oil and oleic acid promoted the expression of
inducible LIP2, LIP4, and LIP5 even in the presence of glu-
cose—a reported repressing carbon source (25). Tween 20
significantly induced the expression of LIP4 only. This
demonstrates that the expression profiles of C. rugosa LIP
genes can be altered by different culture conditions and batch-
to-batch differences in culture. Thus, the ability to produce
different CRL isoforms by engineering the culture conditions
is physiologically important for the nonsporogenic yeast C.
rugosa, enabling the organism to grow on different environ-
ments and substrates. The aim of traditional fermentation is
to optimize the culture conditions for maximal production and
enzyme activity. We believe and have shown that the quality
of enzyme produced is as important as the quantity since the
different culture conditions produce heterogeneous mixtures
of lipase isoforms that display different catalytic ability and
substrate specificity. CRL preparations enriched in the desired
lipase isoforms for specific applications can be obtained by

engineering the culture conditions. Studies are needed to fully
understand the mechanism of differential regulation of LIP
genes by various inducers because it is possible that the ex-
pression profile of these genes may be accompanied by dif-
ferent regulation of the LIP promoter activities. We cloned
and sequenced the five CRL gene promoters and showed they
were different and contained different nutrient-related tran-
scriptional controlling elements (Lee, G.-C., and Shaw, J.-F.,
unpublished data).

RECOMBINANT TECHNOLOGY

One way to overcome the problem of lack of reproducibility
of reactions while using mixed crude C. rugosa lipase iso-
forms from commercial preparations is to work with pure iso-
lated enzymes. The individual pure isoforms of the lipase can
be purified by chromatography, culture engineering, or a re-
combinant DNA technique. However, the unusual codon
usage problem has hindered the use of recombinant CRL
isoenzymes (isoforms). The conversion of all CTG genes is
required for the expression of functional lipase proteins in
heterologous hosts. Heterologous expression of the cloned
genes is useful as a basis for the study of structure–function
relationships in CRL. Great progress has been made with the
conversion of all the 19 CTG  and 17 CUG codons in LIP4
and LIP2, respectively, to universal serine codons using site-
directed mutagenesis and achievement of the expression of
active LIP4 in the methylotrophic yeast P. pastoris and in E.
coli (17,19), and LIP2 in P. pastoris (20), which were suc-
cessfully secreted into the culture medium. We used a more
efficient overlap extension PCR-based multiple mutagenesis
to convert the 17 nonuniversal serine codons (CTG) in the C.
rugosa LIP2 gene into universal serine codons (TCT) (20).
The recombinant LIP1 isoform was functionally expressed in
both Saccharomyces cerevisiae and P. pastoris by complete
synthesis of the LIP1 gene with an optimized nucleotide se-
quence (21). Multiple-site mutagenesis was also used to pro-
duce highly active LIP1, LIP3, and two other newly identi-
fied isoforms, LIP8 and LIP9 (26).

The LIP1, LIP2, and LIP4 CRL isoforms have been char-
acterized. LIP1 and LIP3 were purified from commercial
preparations or cultures of C. rugosa by complex procedures
(15,16,27,28). The properties of recombinant LIP1 were com-
pared with those of a commercial CRL preparation. The
physicochemical properties were found to be similar, whereas
their substrate specificities toward FAME differed signifi-
cantly, indicating clear differences between the commercial
and recombinant lipases (21,29). In comparison to recombi-
nant LIP1, commercial CRL exhibits a marked preference for
longer (C14–C18) acyl chains. These characteristics may be
due to the presence of one or several isoforms in the commer-
cial CRL with a preference for long-chain acyl esters. How-
ever, recombinant LIP1 catalytic activity was similar to that
of commercial lipase, suggesting that the major component
of the commercial lipase is LIP1 (21). In contrast, recombi-
nant LIP4 prefers longer acyl chain substrates (C16 and C18)
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whereas LIP1 prefers C8 and C10 acyl chains as substrates.
These results confirm that individual CRL isoforms do possess
distinctive enzyme activities even though sequence similarity
(81% identity in LIP1 and LIP4) exists and that the variations
in substrate specificities in commercial lipase preparations may
be due to the different combinations of catalytic activities of
the individual CRL isoforms (8).

Glycosylation and other posttranslational modifications of
lipases may be partly responsible for the heterogeneity, ther-
mal stability, and activities of the different CRL isoforms. The
commercial lipase and recombinant glycosylated LIP4 from
P. pastoris have higher M.W. than recombinant LIP4 from E.
coli due to glycosylation (19). It has been proposed that LIP1,
LIP3, and LIP5 have three glycosylation (a posttranslational
event) sites based on DNA sequence data and that LIP2 and
LIP4 have only one such site (30). We used a computer pro-
gram to analyze the DNA sequence of LIP4 and found that
only one potential N-glycosylation motif (Asn-Val-Thr) existed
and that the Asn residue involved in the glycosylation was Asn
351. We believe that Asn 351 may be the major glycosylation
site in CRL isoforms. However, Asn 291 and Asn 314 were also
considered potential sites, but they may not undergo glycosyla-
tion in LIP1, LIP3, and LIP5. Carbohydrates appear to play an
important role in the activation of CRL by providing an addi-
tional stabilization to the open conformation of the flap (31).
Glycoslation was not detected in the LIP4 expressed in E. coli.
However, its catalytic activity was not different from the LIP4
expressed in P. pastoris. This means that glycosylation may not
significantly affect LIP4 enzyme activity. One important obser-
vation was the increase in the thermal stability of glycosylated
LIP4 compared with the nonglycosylated LIP4. There is a possi-
bility that glycosylation level among CRL isoforms may affect
their structure, thermal stability, and secretion into the culture
medium. This was demonstrated to be the case for the activation
of LIP1 by replacing the three N-linked glycosylation sites in
Asn 291, 314, and 351 of recombinant LIP1 with Gln using
site-directed mutagenesis (32). When the authors compared the
activity of the mutants Asn314Gln and Asn351Gln with that of
the wild-type lipase, they found that substitution with Gln in-
fluenced the hydrolysis and esterification activity of LIP1 to a
different extent, but it did not alter the enzyme water activity
profiles in organic solvents or temperature stability. Replacing
Asn 351 with Gln probably disrupted the stabilizing interaction
between the sugar chain and residues of the inner side of the lid
in the enzyme active conformation. The effect of deglycosyla-
tion at position 314 suggests a more general role of the sugar
moiety for the structural stability of LIP1. Conversely,
Asn351Gln substitution did not affect the lipolytic or the es-
terase activity of the mutant LIP1 that behaved essentially as a
wild-type enzyme. This observation supports the hypothesis
that changes in activity of Asn314Gln and Asn351Gln mutants
are specifically due to deglycosylation (32).

Recombinant LIP2 overexpressed in P. pastoris has a
M.W. similar to the native LIP2 isoform purified from C. ru-
gosa fermentation (20,33). The native LIP2 and LIP3 were
prepared by ammonium sulfate precipitation, sodium cholate

treatment, ethanol/ether precipitation, and anion exchange
chromatography (DEAE-Sephacel). Pure and monomeric en-
zymes were characterized with respect to glycosylation, sub-
strate specificity, pI, and activity. The recombinant and native
LIP2 lipases had similar substrate specificities for the hydroly-
sis of long-chain p-nitrophenyl esters. However, the recombi-
nant lipases displayed higher specific activity toward the p-ni-
trophenyl esters compared with the native lipase. The chain
length preference for the TAG substrates was significant and
different for the two enzymes. Recombinant LIP2 showed pref-
erence for the hydrolysis of short-chain TAG (tributyrin)
whereas the native LIP2 preferred the long-chain triolein. The
differences may be attributed to glycosylation, the additional
N-terminal peptide, or amino acid substitutions between the re-
combinant and native LIP2.

3-D STRUCTURAL ANALYSIS AND MECHANISTIC
CONSIDERATIONS

The 3-D structure of three (LIP1, LIP2, and LIP3) of the five
native CRL isoforms purified from the commercial crude en-
zyme mixtures have been elucidated (13,31,34–38). The
structure of C. rugosa lipase and conformational flexibility
was reviewed (39). The 3-D structural analysis is very impor-
tant in our understanding of lipase functions. Often, enzyme
inhibitors (substrate-like molecules) are used to study and un-
derstand lipase structure. Lipases from different organisms
vary widely in size from 20 to 65 kDa. The CRL genes code
for 534 amino acids with M.W. of the proteins of approxi-
mately 60 kDa. The sequence homology of the isoforms is
85–90% amino acids. All lipases share a common structural
motif called lipase fold (40), a subset of the α/β-hydrolase
fold. The lipase/esterase enzymes also possess this fold,
which is comprised of a central, mostly parallel β-sheet with
several helices on both sides of the sheet (40). 

CRL have a catalytic triad of Ser 209, Glu 341, and His
449 residues at the active site with a well-conserved hydro-
gen bonding pattern stabilizing the triads in three isoforms
(LIP1, LIP2, and LIP3), similar to the catalytic triad found in
serine proteases. One important difference between the pro-
teases and lipases is that the active sites have opposite hand-
edness. Therefore, the nucleophiles in lipases approach the
plane of the acyl group of the substrate from the side opposite
to that of the proteases, to the plane of the equivalent peptide
bond (39). In addition, CRL have Glu instead of Asp at the
active site for most serine lipases and proteases. Studies con-
ducted with complexes of CRL with substrate-like inhibitors
show that the oxyanion hole, whose role is to stabilize the
oxyanion developing on the carbonyl group of the substrates,
is an important part of the active site in C. rugosa lipases as
well as all other lipases. The oxyanion hole in CRL that is
predicted to be formed by the backbone NH groups of
residues Gly 124 and Ala 210 is also conserved among the
LIP1, LIP2, and LIP3 isoforms.

Every CRL isoform has an amphipathic α-helix that serves
as a lid (or flap) covering the active site. In the closed lipase
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structure, the hydrophilic side of the lid faces the solvent, and
the hydrophobic side is directed toward the protein core.
When the lipase shifts to open conformation, the hydropho-
bic side becomes exposed and subsequently contributes to the
substrate-binding site and substrate recognition. Both the am-
phipathic nature of the lid and the specific amino acid se-
quence may be important for lipase specificity and activity.
The flap regions are quite different among the CRL isoforms.
For example, the LIP2 has 11 different amino acid residues
compared with LIP1, and 9 different residues compared with
LIP3 in the 30 amino acid-flap region (31). The differences in
the hinge point presumably affect the opening of the flap of
different isoforms, and the hydrophobicity differences of
these residues in the internal side were suggested to affect
substrate binding. The amino acid residues at the hinge point
are Glu 66, Met 66, and Glu 66 for LIP1, LIP2, and LIP3, re-
spectively. The flap of LIP2 is more hydrophobic than the
LIP1 or LIP3 flaps. Flap interaction with the substrate bind-
ing pocket is important in understanding the different cat-
alytic properties found among CRL isoforms (35).   

All lipases have essentially two binding sites, one for the
substrate or acyl group and the other for alcohol binding. A
comparison of the substrate-binding sites of the three CRL
isoforms revealed amino acid variations that may affect sub-
strate specificity and catalytic properties (35). It was hypoth-
esized that the Phe content at the mouth of the hydrophobic
tunnel (i.e., acyl binding site) greatly affected the substrate-
recognition properties of the CRL isoforms. The Phe content
of this region for LIP1, LIP2, and LIP3 is 5, 3, and 4, respec-
tively. Amino acid residues 296 and 344 for LIP1, LIP2, and
LIP3 are Phe-Phe, Val-Leu, and Phe-Ile, respectively. The li-
pase/esterase activity ratio toward triacetin substrate for LIP1,
LIP2, and LIP3 is 43.7, 7.3, and 7.6, respectively. In contrast,
the cholesterol esterase activity decreases from LIP2 >> LIP3
> LIP1. It appears that the Phe content in the mouth of the hy-
drophobic tunnel significantly affects the environment of the
catalytic triad, the lipase/esterase catalytic properties, and
substrate specificities. However, it is important that this be
confirmed by site-directed mutagenesis.

To understand the molecular basis of substrate specificity,
we compared the geometry and properties of the CRL iso-
forms. The 3-D structures of the LIP4 and LIP5 isoforms were
obtained from the Web-based SWISS-MODEL server (Version
3.5; Glaxo Smith Kline S.A., Geneva, Switzerland; www.
expasy.org/swissmod/SWISS-MODEL.html), which utilizes
the comparative modeling approach (41). The structures of
molecular complexes of LIP1 with hexadecanesulfonyl chlo-
ride inhibitor (36), LIP2 (35), and LIP3 with cholesteryl lino-
leate (34) were obtained from the Research Collaboratory for
Structural Bioinformatics (Rutgers University, Piscataway,
NJ) protein data bank (42) under the entry numbers 1LPO,
1GZ7, and 1CLE, respectively. These structures were used as
the corresponding templates for comparative protein model-
ing. Display and analysis of modeled structures were per-
formed using a Swiss-Pdb Viewer (Glaxo Smith Kline S.A.).
Figure 2 illustrates the comparative 3-D topography of sub-

strate-binding sites for CRL isoforms. The results allowed
analysis of the cholesterol linoleate-binding site and the acyl-
binding tunnel. Amino acid changes in these regions may de-
termine changes in the interactions affecting the stability and
specificity of the CRL isoforms. Most of the residues located
in close proximity to the cholesterol linoleate molecule and
in place of the acyl chain (within the 4-Å cutoff distance)
were identical and shared the same conformations as those of
the template residues. Some of the substrate-binding residues
showed differences between LIP isoforms (Table 2). Four
definite differences were found at the 20 amino acids of the
acyl-binding sites. The alcohol-binding sites showed more
variations in that five of the eight amino acids were not con-
served. The hydrophobic face of the flap, which also plays an
important role when the enzyme is in contact with the sub-
strate, had five variations in the eleven residues.

Lipase catalysis mostly occurs via an interfacial activation
process. The presence of a water–lipid interface is required
for efficient catalysis (43). The basic reactions, kinetics, and
mechanisms of lipase-catalyzed reactions (hydrolysis, esteri-
fication, acidolysis, alcoholysis, ester exchange) have been
discussed (3,44–46). In the presence of a suitable lipase as the
biocatalyst, the following reactions are possible (the reactions
are also reversible under appropriate conditions):

Hydrolysis:
R1–CO–OR + H2O       → R1–COOH + R–OH [1]

Direct esterification:
R1–CO–OH + R–OH       → R1–CO–OR + H2O [2]

Acidolysis:
R1–CO–OR + R2–CO–OH  → R2–CO–OR + R1–CO–OH [3]

Alcoholysis:
R–CO–OR1 + R2–OH      → R–CO–OR2 + R1–OH [4]

Ester-interchange:
R1–CO–OR2 + R3–CO–OR4 → R1–CO–OR4 + R3–CO–OR2 [5] 

Glycerolysis:
R1–CO–OR  + R2–OH       → R1–CO–OR2 + R–OH [6]

where R1, R2, R3, and R4 represent the alkyl chain of the acyl
group or alcohol. Lipases catalyze the reactions of water-
insoluble substrates, whereas esterases mainly catalyze the
reactions of water-soluble substrates. Lipases occur widely in
nature and are active at the oil–water interface in heteroge-
neous reaction systems. Lipases hydrolyze TAG to MAG,
DAG, FFA, and glycerol. 

Lipase-catalyzed reactions are a combination of esterifica-
tion and hydrolysis (reverse reaction) reactions. The degree
to which hydrolysis occurs relative to esterification is gov-
erned by the concentration of water present. When excess
water is present, hydrolysis predominates, resulting in the ac-
cumulation of FFA, MAG, and DAG. On the other hand, es-
terification predominates under water-limiting conditions or
in organic solvents (i.e., acidolysis, alcoholysis, or glyceroly-
sis). However, some water is essential for enzymatic catalysis
because it maintains enzyme dynamics during noncovalent
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interactions. To optimize one-step lipase-catalyzed reactions,
it is necessary to strike a balance between hydrolysis and ester-
ification. Lipase-catalyzed interesterification reactions offer the
advantage of greater control over the positional distribution of
FA in the final product, owing to the lipases’ FA selectivity and
regiospecificity. One great advantage is that these lipase reac-
tions have no cofactor requirement.

Many lipases undergo conformational changes with the
binding of substrates. The active site may be exposed to the
solvent or inaccessible to the solvent in cases where the ac-
tive site is protected by one or more polypeptides. The con-
formational changes correlate with interfacial activation.
Multiple conformation states that show interfacial activation
were observed for CRL (31). CRL undergoes a conformational
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FIG. 2. Substrate-binding regions of Candida rugosa lipase (CRL) isoforms depicting the structural differences
resulting from amino acid changes in these regions. (A) Superposition of the FA-binding tunnels of the CRL
LIP1, LIP2, LIP3, LIP4, and LIP5. The same residue numbers among the five isoforms are indicated. The in-
hibitor hexadecane sulfonate is labeled in HDS560. (B) Superposition of the alcohol-binding sites of CRL iso-
forms. The cholesteryl linoleate molecule is labeled in CLL801. (C) Superposition of the flaps (residues 66–92)
of CRL isoforms. The amino acid residues facing the substrate pocket are indicated in residue number and
most of them are nonpolar (black). The amino acid residues in the opposite side of the flap facing the outside
were mostly basic, acidic, and polar (gray). The catalytic triad residues (Ser 209, GLu 341, and His 449) are
also shown. The images were produced using Swiss-Pdb Viewer (Glaxo Smith Kline S.A.).



rearrangement that involves a single 26-residue long surface
loop (lid). In the presence of substrates, inhibitors, or less
polar solvents, the loop swings to the side, leading to open
state conformation. The loop does not move as a rigid body
but undergoes an internal rearrangement, with the α-helix un-
winding at one end and extending at the other end (39). In the
open state, the nucleophilic serine is positioned in the center
of a hydrophobic patch on the enzyme’s surface and is easily
accessible. The closed state has a tunnel that starts near Ser
209. The presence of a large tunnel is unique in C. rugosa and
Geotrichum candidum lipases. The mouth of the tunnel is
close to the active site and the conserved Glu 208, which con-

fers negative potential on the vicinity of the active site (39).
Recent studies from our laboratory indicate that the recombi-
nant LIP4 from C. rugosa does not show interfacial activa-
tion in the presence of tributyrin and triolein as substrates
when compared with LIP1 (19). Other yeast lipases such as
C. antarctica B showed no interfacial activation and no con-
formational rearrangement upon inhibitor binding (47). The
recombinant LIP4 obeys the Michaelis–Menten kinetics at all
substrate concentrations. However, Pseudomonas lipases
(48), pancreatic lipase (49), and certain isoforms of C. rugosa
lipase undergo interfacial activation during catalysis (31) and
do not obey the Michaelis–Menten kinetics or give sigmoidal
curves against substrate concentration. These observations
clearly indicate that despite the high level of sequence homol-
ogy among CRL, the catalytic properties of the individual iso-
forms may differ.

PROTEIN ENGINEERING OF CRL ISOFORMS—
TAILORING ENZYME FUNCTION

Site-directed mutagenesis has been very useful for the produc-
tion of pure lipase isoforms of C. rugosa and is expected to
continue to provide insight into lipase catalysis and speci-
ficity. Since the 3-D structure of some of the isoforms (LIP4
and LIP5) is not available yet, computer models based on the
available 3-D structures of LIP1, LIP2, and LIP3 were used
to help us understand the apparent differences in the biocat-
alytic properties of various isoforms. These known 3-D struc-
tures will definitely help scientists improve on the catalytic
activity, substrate specificity, enantioselectivity, lid structures,
chain length specificity, and enzyme stability of CRL iso-
forms for possible industrial applications, by applying gene
shuffling (directed  evolution) or rational design protein engi-
neering. A tailor-made enzyme to modify the molecular
recognition of 2-arylpropionic esters by recombinant LIP1
using site-directed mutagenesis of Phe 344 and Phe 345 was
reported (50). Enzyme activity and selectivity were signifi-
cantly decreased by Phe345Val (substituting Phe with Val at
position 345) mutation and Phe344,345Val double mutation.
The result suggested that Phe plays an important role in the
S-enantiomer preference of (±)-2-(3-benzoylphenyl) propi-
onic acid (ketoprofen) and (±)-2-(6-methoxy-2-naphthyl)
propionic acid (naproxen), which are nonsteroidal anti-
inflammatory drugs.

CRL was modified by engineering the amino acids at the
substrate binding site (tunnel) of C. rugosa lipase mutants
using computer modeling in an attempt to understand the sub-
strate specificity and enantioselectivity of the enzyme for ke-
toprofen methyl ester (50). Manetti et al. (50) proposed that
Phe 344 and Phe 345, in addition to the residues constituting
the catalytic triad and the oxyanion hole, were the amino
acids mainly involved in the enzyme–ligand (i.e., enzyme–
substrate) interactions. Site-directed mutagenesis was then
used to evaluate the importance of these amino acid residues
in catalysis and selectivity toward different substrates. Phe
344 and especially Phe 345 influenced CRL activity, supporting
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TABLE 2 
Important Amino Acid Changes Producing Structural Differences
Among C. rugosa Lipasesa 

Residue LIP1 LIP2 LIP3 LIP4 LIP5

FA-binding site
210 Ala Ala Ala Ala Ala
213 Met Met Met Met Met
246 Pro Pro Pro Pro Pro
296 Phe Val Phe Ala Phe
300 Ser Pro Ser Pro Thr
302 Leu Leu Leu Leu Leu
303 Arg Arg Arg Arg Arg
304 Leu Leu Leu Leu Leu
307 Leu Leu Leu Leu Leu
344 Phe Leu Ile Val Leu
345 Phe Phe Phe Phe Phe
361 Tyr Tyr Tyr Tyr Tyr
365 Ser Ser Ser Ser Ser
366 Phe Phe Phe Phe Phe
410 Leu Leu Leu Leu Leu
413 Leu Leu Leu Leu Leu
414 Gly Ala Ala Ala Thr
415 Phe Phe Phe Phe Phe
449 His His His His His
534 Val Val Val Val Val

Alcohol-binding site
127 Val Leu Ile Val Ile
132 Thr Leu Ile Leu Ile
133 Phe Phe Phe Phe Phe
208 Glu Glu Glu Glu Glu
450 Ser Gly Ala Ala Ala
453 Ile Ile Ile Ile Ile
454 Val Ile Val Val Val
458 Tyr Tyr Tyr Phe Phe

Hydrophobic face of the flap
66 Glu Met Glu Leu Glu
69 Tyr Phe Phe Trp Tyr
73 Leu Leu Leu Leu Leu
77 Ala Ala Ala Ala Ala
80 Leu Leu Leu Ser Leu
81 Val Val Val Leu Val
84 Ser Ser Ser Ser Ser
86 Val Ile Val Leu Val
87 Phe Phe Phe Phe Phe
90 Val Val Val Val Val
92 Pro Pro Pro Pro Pro
aThe nonconserved positions are shown in bold.



the theoretical computer model. In another study, both mo-
lecular modeling and site-directed mutagenesis were used to
study the synthetic LIP1 gene and the lipase mutants ex-
pressed in P. pastoris and assayed for chain length specificity
in single and competitive substrates. Mutation of amino acids
at different locations inside the tunnel (P246F, L413F,
L410W, L410F/S300E, L410F/S365L) resulted in mutants
with different chain length specificity (51). The lipase activ-
ity for a FA sharply decreased as the chain became long
enough to reach the mutated site. Increasing the bulkiness of
the amino acid at position 410 led to mutants that showed a
strong discrimination of chain lengths longer than C14. Dif-
ferent chain length specificity of the enzyme was achieved by
mutating different amino acid residues of CRL inside the tun-
nel (51). Computer modeling helped to reveal that P246 and
L413 were located near atom C6/C8 of the bound FA. P246F
and L413F blocked chains longer than C6/C8, and the mutant
enzymes strongly favored the hydrolysis of short-chain TAG.
The P246F mutant enzyme had a 67- and 14-fold relative ac-
tivity toward C4 and C6 chains, respectively, compared with
the activity toward C8 chains. In contrast, the corresponding
activity of the wild-type CRL was 0.78 and 0.16, respectively.
It is interesting to note that mutant L304F, which blocked the
tunnel entrance, did not accept C4 and C6 short-chain TAG
but hydrolyzed TAG with chains ≥8. An alternative binding
site outside the tunnel for medium- and long-chain FA was
proposed (51). Short-chain FA preferably bind to the tunnel,
whereas medium- and long-chain FA can bind to either the
tunnel or the alternative site, which has no specificity.

LID SWAPPING AND DNA SHUFFLING

Lid swapping/changing is a form of protein engineering used
to provide clues to enzyme mechanisms by studying chain-
length specificity, enantioselectivity or enantiopreference for
substrates, and substrate specificity. Lid swapping may result
in chimera proteins with new functions. The diversities in en-
zyme activity of CRL isozymes may be related to variations
in the protein sequence, since the lid, a substrate-interacting
domain, is not conserved in the isozymes. A strategy of fus-
ing the thioredoxin (Trx) gene with the LIP4 gene was used
to express the recombinant lipases in E. coli. The effect of lid
region on the recombinant C. rugosa LIP4 lipase activity and
specificity was studied by exchanging the lid regions from
the other four C. rugosa isoforms (LIP1, LIP2, LIP3, and
LIP5; and corresponding lids 1, 2, 3, and 5) with that of LIP4
and expressed as chimera proteins, Trx-LIP4/lid1, Trx-
LIP4/lid2, Trx-LIP4/lid3, and Trx-LIP4/lid5, respectively
(26,52). Lid swapping resulted in increased hydrolytic activi-
ties of the chimeric Trx-LIP4/lid2 and Trx-LIP4/lid3 by 14
and 32%, respectively, with tributyrin as substrate, whereas
chimeric Trx-LIP4/lid1 and Trx-LIP4/lid5 activities decreased
by 85 and 20%, respectively, compared with the native
nonchimeric Trx-LIP4 with an unmodified lid. Cholesteryl
caprate was the best substrate for Trx-LIP4, Trx-LIP4/lid2,

and Trx-LIP4/lid3, but Trx-LIP4/lid1 and Trx-LIP4/lid5
showed a preference for cholesteryl stearate. In contrast,
when p-nitrophenyl esters were the hydrolysis substrates,
both p-nitrophenyl caprate and stearate were preferred by
Trx-LIP4/lid2 and Trx-LIP4. The lid change affected the sub-
strate specificity of the enzymes toward selectivity of various
unsaturated FA with cholesteryl oleate (18:1) being the best
substrate for Trx-LIP4, followed by cholesteryl linoleate
(18:2, relative activity 68%); cholesteryl stearate (18:0) was
a poor substrate (relative activity 7%). Both Trx-LIP4/lid2
and Trx-LIP4/lid3 had a similar substrate preference pattern
toward Trx-LIP4. The lid domain also affected the enantio-
selectivity of CRL preferring the hydrolysis of l-menthyl ace-
tate (desired isomer) over the d-menthyl acetate. l-Menthol is
used as a flavor compound in beverages, toothpaste, cosmetic
products, and local anesthetics because of its cool sensation.
Interestingly, the recombinant Trx-LIP4 and all chimera LIP4
showed much better enantiopreference than the commercially
available C. rugosa lipase (Lipase Type VII, Sigma). Among
the chimeric LIP4, only Trx-LIP4/lid3 and Trx-LIP4 had sim-
ilar enantioselectivity or enantiopreference. The other
chimera proteins (Trx-LIP4/lid1, Trx-LIP4/lid2, and Trx-
LIP4/lid5) showed significant decreases in enantioselectivity
toward menthyl acetate. What is not known is how the enan-
tioselectivity of the chimera proteins will be affected if other
chiral or racemic substrates are used. This is still a potential
area of research—to find ways to tailor the lipases to accept
new substrates by lid swapping.

Recently, it was reported that the sequence of the lid af-
fected the activity and specificity of recombinant CRL LIP1
isoform by similar lid-swapping engineering (53). Brocca et
al. (53) demonstrated that swapping the LIP3 lid, which has
high activity toward cholesterol esters, with the LIP1 isoform
conferred cholesterol esterase activity to LIP1, which had no
cholesterol esterase activity in its native form. No change in
chain length specificity was observed. In another study, Se-
cundo et al. (54) swapped the LIP1 lid with the lid of LIP3,
and the chimera enzyme obtained was used for reactions in
organic solvent. The chimera enzyme was less active and
enantioselective than the wild-type in all the conditions
tested. They postulate that the decrease in activity may be due
to the chimera enzyme having a lower proportion of enzyme
molecule in the open form, thereby hindering access to the
enzyme active site during the alcoholysis of chloroethyl-2-
hydroxy hexanoate with methanol and of vinyl acetate with
6-methyl-5-hepten-2-ol. 

DNA shuffling is another potentially useful method (55) to
design lipases to catalyze new reactions, to confer thermostabil-
ity, and to improve on the enantioselectivity and substrate speci-
ficity of CRL lipases with potential applications in the produc-
tion of useful materials, including foods, to benefit humankind.
This technology has been successfully used to improve enantio-
selectivity (56), thermostability (57), and substrate specificity
(58). More research effort is definitely needed to understand the
chemistry and molecular biology of CRL isoforms.
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RECENT APPLICATIONS OF PURIFIED AND
RECOMBINANT CRL

Crude commercial CRL have been widely used in various
biotransformations and biocatalysis (Table 1). The use of
cross-linked enzyme crystals of CRL provided significant im-
provement in the enantioselective resolution of ketoprofen
and other chiral esters compared with the crude CRL, and this
was attributed to the selective removal of one isoenzyme dur-
ing the crystallization (59). Very few lipases accept tertiary
alcohols as substrates. However, CRL and a few other lipases
accept tertiary alcohols as substrates owing to the presence of
the amino acid motif (GGGX motif) in the oxyanion hole, and
this further broadens the possible areas of application for
CRL (60). There have been few reports on the use of purified
and recombinant CRL and isoforms because of the difficul-
ties of isolating and purifying the various isoforms, as men-
tioned previously. Progress is being made, and some of the
new and potential applications of purified and recombinant
isoforms are shown in Table 3. These involve mainly hydroly-
sis and synthetic reactions for the resolution of racemic mix-
tures, drug design, acylglycerols, and flavor and fragrances. 

A comparison of pure recombinant LIP2 and LIP4 lipases
with a crude preparation revealed that recombinant LIP2 pos-
sesses unique and remarkable catalytic properties different
from those of LIP4 and crude CRL. LIP2 had a high specific
activity toward cholesteryl esters, and this property may be
useful for the determination of cholesterol in both clinical and
food analyses. Since 70–80% of serum cholesterol is esteri-
fied with FA, it is possible to couple LIP2 to cholesterol oxi-
dase and peroxidase, and then use it as a biosensor (enzyme
sensor) for the determination of serum cholesterol. LIP2 also
showed a high activity toward long-chain alcohols in the es-
terification of myristic acid. This enzyme could be used for
the industrial production of wax esters, such as hexadecyl

myristate and octadecyl myristate, for use in lubricants and
cosmetics. LIP2 showed a preference for short-chain FA such
as butyric acid in the esterification of propanol with various
acyl chain lengths. Therefore, LIP2 could be useful in the pro-
duction of important flavor compounds for food and fragrance
use.

REGULATORY AND SAFETY CONSIDERATIONS

Any enzyme intended for use in the processing of foods or syn-
thesis of compounds or ingredients for food use must have a
GRAS status or undergo the regulatory process of approval.
The Food Chemical Codex lists C. rugosa lipase as an enzyme
used in dairy products, in confectionery, and for flavor devel-
opment in processed foods. The enzyme has been used over the
past 20 yr in Japan and the United States for the hydrolysis of
milk fat to produce flavor compounds. Site-directed mutagene-
sis and lid swapping have led to the improvement of CRL iso-
form substrate selectivity and enantioselectivity. However, the
controversy over genetically modified organisms should be
taken into consideration by molecular biotechnologists and ap-
plied lipid biotechnologists as they design new lipases for new
uses. The new lipases must be cloned into food-grade organ-
isms for consumer acceptance of the products made with them,
and for regulatory approval. 

The safety and toxicity of C. rugosa lipase was studied
using Sprague-Dawley rats who consumed the enzyme, at var-
ious concentrations, in the feed for 13 wk. Candida rugosa was
found to possess no genotoxic potential when subjected to a
battery of tests including bacterial mutation in Salmonella ty-
phimurium strains TA98, TA100, TA1535, and TA1537 and in
E. coli strain WP2 uvrA, in vitro chromosome aberration, and
forward mutation in L5178Y mouse lymphoma cells (61). The
yeast producing CRL was nonpathogenic to mice at doses up
to 1.5 × 107 CFU/body. Flood and Kondo (61) concluded that
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TABLE 3
New and Potential Applications of Purified Recombinant C. rugosa Lipasesa (isoforms)

Application Lipase/isoform Reference

Ketoprofen (desired isomer) LIP1, site-directed mutagenesis 50
Naproxen (desired isomer) LIP1, site-directed mutagenesis 50
Hydrolysis of short-chain FA LIP1, amino acid change at tunnel 51
Cholesteryl esterase activity Swapping LIP3 lid with LIP1 lid 53
Increased hydrolysis of short-chain FA Chimeras Trx-LIP4/lid2, Trx-LIP4/lid3 52
Enantioselectivity by alcoholysis Swapping LIP1 lid with LIP3 lid 54
Esterase activity toward long-chain esters Recombinant LIP4 in Escherichia coli 17
Short-chain flavor ester production LIP2 20
Substrate specificity for cholesteryl esters, long-chain alcohols, and tributyrin LIP2, multiple site-directed mutagenesis 20
Preferential hydrolysis of acylglycerol of different chain lengths LIP1, LIP2, and LIP3 in organic media 90
Resolution of ibuprofen LIP1 and LIP3 90
Enzyme sensor for cholesterol analysis LIP2 coupled to cholesterol oxidase and peroxidase Possibility
Synthesis of acylglycerols and structured lipids Any of the isoforms Possibility
Separation of conjugated linoleic isomers To be determined Possibility
Paper and pulp industry To be determined Possibility
Laundry detergents Isoforms stable at alkaline pH Possibility
Synthesis of surfactants and emulsifiers To be determined Possibility
Concentration of physiologically important FA such as CLA, EPA, DHA, and GLA To be determined Possibility
aTRX, thioredoxin; see Table 1 for other abbreviations.



the commercial crude enzyme preparation satisfied the basic
requirements for safety testing established by the U.S. Food
and Drug Administration for substances that will be present in
the diet at low levels. Neither the enzyme preparation nor the
production organism has any health-related hazard, and both
lack any oral toxicity and genotoxicity. More studies are
needed to prove the safety of recombinant CRL isoforms.

POTENTIAL FOR RESEARCH AND USE

CRL was identified over 40 yr ago and has been used in vari-
ous applications, as stated earlier, but mainly in the crude
form. The specific activities varied with the commercial sup-
pliers and the source of the enzyme. The result was inconsis-
tencies in the literature reports and in reproducibility of ex-
perimental and application data. Purifications, expressions in
heterologous hosts, and characterizations of several CRL iso-
forms have clearly demonstrated that commercial crude CRL
are mixtures of multiple isoforms that have significantly var-
ied biochemical and application properties. The compositions
of the various isoforms in the crude enzyme vary greatly
owing to differential expression of isoforms in response to
culture conditions and posttranslational modifications, such
as glycosylation. However, the cloning and sequence analysis
of five genes revealed a high sequence identity (77–88%), en-
coding 534 amino acid residues with predicted M.W. ranging
from 56 to 58 kDa. The 3-D data for LIP1, LIP2, and LIP3
provided insights into the structure–function relationship of
various CRL isoforms. 

The breakthrough in overcoming the unusual serine codon
usage by C. rugosa was an important milestone. This was
achieved by either total synthesis or site-directed mutagene-
sis followed by successful expression of various functional
recombinant isoforms in conventional heterologous hosts
such as P. pastoris and E. coli. Ultimately, this achievement
paved the way to high-level purification and possible indus-
trial production of individual isoforms for biotransformations
and biotechnological applications. Protein engineering through
lid swapping and rationally designed site-directed mutagenesis
have led and will continue to lead to CRL isoforms with im-
proved catalytic power, thermostability, enantioselectivity, and
substrate specificity, while allowing a better understanding of
the mechanisms of actions of the various isoforms. We strongly
believe that tailor-made lipases for specific applications will be
possible in the near future.

Areas that would require further studies include the follow-
ing: improvement of the stability of various CRL isoforms or
selective improvement of the thermostability of a particular
isoform by the use of lid swapping or other directed evolution
techniques; new substrate specificity so that the enzyme will cat-
alyze new reactions or multistep reactions; fusion of lipase genes
to other enzymes or vice versa for industrial processes such as
detergents, the tanning process, bioremediations, and as enzyme
sensors; mechanistic studies on individual isoforms; use of pro-
tein engineering to produce novel true sn-2 specific lipases
(which has been the desire of many lipid biotechnologists, food

scientists, and research pharmacologists) for nutritional and
nutraceutical lipid synthesis; multiple mutagenesis and selec-
tion of functional proteins with desired functional properties;
chiral resolution of racemates of compounds with food, fla-
vor, and pharmaceutical applications; and finally the produc-
tion of food-grade recombinant/transgenic CRL. These en-
zymes must be produced and sold commercially at reasonable
costs to benefit the consumer and industry. Subtle amino acid
changes within a highly conserved protein fold may produce
enzyme protein variants or isoforms enriched with new lipase
properties, and this possibility needs to be explored and un-
derstood. Ultimately, the result, if accomplished, will be bet-
ter biotechnological processes for the production of healthful
foods, consumer necessities, better ingredients, active drugs,
cheaper flavors and fragrances, cosmetics, a cleaner environ-
ment, and many more applications yet to be discovered. There
is no limit to protein engineering capabilities and the applica-
tion of pure CRL in the fats and oils and related industries. 

Protein engineering will lead to changes in chain length
specificity, enantioselectivity, substrate specificity, specific
activity, thermal stability, and catalytic properties, and will
provide mechanistic evidence for the different CRL isoforms.
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ABSTRACT: The intake of individual n-6 and n-3 PUFA has
been estimated in 4,884 adult subjects (2,099 men and 2,785
women), volunteers from the French SU.VI.MAX intervention
trial. The food intakes of each subject were recorded in at least
ten 24-h record questionnaires completed over a period of 2.5
yr, allowing the estimation of the daily intake of energy; total
fat; and linoleic, α-linolenic, arachidonic, eicosapentaenoic
(EPA), n-3 docosapentaenoic (DPA), and docosahexaenoic
(DHA) acids. The mean total fat intake corresponded to 94.1
g/d (36.3% of total energy intake) in men and 73.4 g/d (38.1%
of energy) in women. The intake of linoleic acid was 10.6 g/d
in men and 8.1 g/d in women, representing 4.2% of energy in-
take; that of α-linolenic acid was 0.94 g/d in men and 0.74 g/d
in women, representing 0.37% of energy intake, with a mean
linoleic/α-linolenic acid ratio of 11.3. The mean intakes of long-
chain PUFA were: arachidonic acid, 204 mg/d in men and 152
mg/d in women; EPA, 150 mg/d in men and 118 mg/d in
women; DPA, 75 mg/d in men and 56 mg/d in women; DHA,
273 mg/d in men and 226 mg/d in women; long-chain n-3
PUFA, 497 mg/d in men and 400 mg/d in women. Ninety-five
percent of the sample consumed less than 0.5% of energy as α-
linolenic acid, which is well below the current French recom-
mendation for adults (0.8% of energy). In contrast, the mean in-
takes of long-chain n-6 and n-3 PUFA appear fairly high and fit
the current French recommendations (total long-chain PUFA:
500 mg/d in men and 400 mg/d in women; DHA: 120 mg/d in
men and 100 mg/d in women). The intakes of α-linolenic acid,
and to a lesser extent of linoleic acid, were highly correlated
with that of lipids. Whereas the main source of linoleic acid was
vegetable oils, all food types contributed to α-linolenic acid in-
take, the main ones being animal products (meat, poultry, and
dairy products). The main source of EPA and DHA (and of total
long-chain n-3 PUFA) was fish and seafood, but the major
source of DPA was meat, poultry, and eggs. Fish and seafood
consumption showed very large interindividual variations, the
low consumers being at risk of insufficient n-3 PUFA intake.

Paper no. L9468 in Lipids 39, 527–535 (June 2004).

EFA are nutrients of primary importance for health, and re-
search in the last 15 yr has demonstrated the potential role of
an adequate intake of n-3 PUFA in the prevention of several

diseases, cardiovascular diseases in particular (1). As linoleic
and α-linolenic acids compete for the same enzymes in their
metabolism to longer-chain PUFA, their optimal intakes are
mutually dependent (2). In Western countries, the increasing
use in the last 50 yr of vegetable oils rich in linoleic acid and
poor in α-linolenic acid in farm animal feed and human food
has resulted in a high n-6/n-3 PUFA (or linoleic/α-linolenic
acid) ratio in the diet, above the values considered as optimal
(2–4). In addition, the conversion of linoleic and α-linolenic
acids to long-chain PUFA occurs in humans with only a low
yield, and the intake of even small amounts of long-chain n-6
and n-3 PUFA contributes significantly to the EFA status (2).
Therefore, the evaluation of the adequacy of EFA intakes in a
population needs to estimate individual intakes of both pre-
cursor FA (linoleic and α-linolenic acids) and long-chain
PUFA of the n-6 and n-3 series. In recent years, recommended
dietary allowances have been published in several countries,
including France, not only for linoleic and α-linolenic acids
but also for long-chain n-3 PUFA, especially for DHA (5,6).
However, insufficient data are available on the real intake of
individual PUFA in human populations. In particular, studies
reporting the intake of individual long-chain n-6 or n-3 PUFA
are not common, as they depend on the availability and com-
pleteness of PUFA food composition tables. The few existing
studies concerning the French population deal only with the
intakes of linoleic and α-linolenic acids (7). Recent popula-
tion-based studies have considered long-chain PUFA con-
sumption in countries from Europe and North America and
in Australia and Japan (8–15). This study is based on the
SU.VI.MAX study, an interventional prospective study on a
sample of French adults of both sexes, during which the food
habits of participants were recorded, and on a food composi-
tion table that we developed to allow the estimation of the in-
take of n-6 and n-3 PUFA of interest.

MATERIALS AND METHODS

Population sample. The SU.VI.MAX study is a randomized,
double-blind, placebo-controlled primary prevention trial de-
signed to test the effects of daily supplementation with a mix-
ture of vitamin C, vitamin E, β-carotene, zinc, and selenium
on the incidence of cardiovascular diseases and of cancers in
a population of adult men and women in France (16). Other
objectives of the study were to evaluate food consumption in
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the French general population and to contribute to a better un-
derstanding of the relation between nutrition and health. The
population sample consisted of 12,741 subjects (5,028 men
and 7,713 women) from all regions of France, who were in-
cluded in 1994–1995 with a planned follow-up of 8 yr. Men
were aged 45–63 and women 35–63 at inclusion. A larger age
range with younger ages was chosen for women to take into
account the younger onset of breast cancer in women (from
40 yr old) than of all cancers in men. Other details on study
design, recruitment, and baseline characteristics of the sub-
jects have been reported previously (16). All subjects gave
their informed written consent to the study. The study was ap-
proved by ad hoc ethical committees, i.e., the “Comité con-
sultatif de protection des personnes dans la recherche bio-
médicale” (CCPPRB no. 706, Cochin Hospital, Paris,
France), and the “Commission nationale de l’informatique et
des libertés” (CNIL no. 334641).

Dietary assessment. At inclusion and every 2 mon until the
end of the study, subjects were asked to complete a 24-h di-
etary record questionnaire, i.e., a total of six questionnaires
per year. The days of record were fixed for each subject and
randomized to assess 4 weekdays and 2 weekend days each
year. The 24-h record data were transmitted with the Minitel,
a small terminal coupled to a telephone line, widely used in
France in the 1990s. At the beginning of the study, the partici-
pants received a small processing unit, to be coupled with the
Minitel, that was especially developed for the study. This unit
was loaded with specialized software allowing the partici-
pants to fill out their dietary records directly on their Minitel
and to transmit the data during brief telephone connections.
The software allowed completion of a 24-h record question-
naire according to a detailed pattern. A large choice of foods
and drinks (about 900 items) was displayed for each of three
meals (breakfast, lunch, and dinner) and of four other food
intake occurrences (during the morning, during the afternoon,
during late evening, and during the night). The list included
both simple food items (for example, mutton chop, lettuce,
banana, or orange juice) and complex dishes (for example,
couscous, cassoulet, or paella). Foods not included in the list
could also be mentioned by the subjects. For each food or
drink mentioned, the subjects were asked to indicate the por-
tion size consumed. They were helped by an instruction man-
ual given to them at the start of the study, including pho-
tographs of portions sizes of 236 foods and drinks. Three
portion sizes were shown for each food or drink, with possi-
bilities of intermediate or out-of-scale choices (for example,
between the first and the second, or more than the third). The
use of these portion photographs was previously validated on
687 subjects in a pilot study (17). The questionnaire also in-
cluded questions on the cooking methods, and on the type of
oil or fat used for seasoning or cooking. For this study, we se-
lected participants who had completed at least 10 question-
naires within a period of 2.5 yr between the inclusion and
1998. A previous study showed that 10 records were suffi-
cient to estimate the individual intakes of the main FA classes
(saturated, monounsaturated, and PUFA) with a good accu-

racy (18). For each of these subjects, the data produced were
drawn from all completed questionnaires obtained in the re-
quired period.

Food composition table. A food composition table adapted
to the analysis of the dietary data collected in the SU.VI.MAX
study was developed on the basis of existing data (19). The
contents of foods with respect to energy, total fat, linoleic
acid, α-linolenic acid, arachidonic acid, and the long-chain
n-3 EPA, n-3 docosapentaenoic acid (DPA), and DHA were
compiled from existing tables: the French food composition
table (20) and its recent additions (21); the USDA National
Nutrient Database (22); and the British McCance & Widdow-
son’s food composition table (23), as well as from original
publications. In particular, many data on the contents of meat,
poultry, eggs, fish, and seafood with respect to n-6 and n-3
long-chain PUFA were drawn principally from original pub-
lications, as the existing tables were incomplete.

Statistical analyses. Data were compiled on an Alpha-
VMS system, and statistical analyses were performed using
SAS software (SAS Institute, Cary, NC). Correlations be-
tween variables were calculated using the Spearman’s corre-
lation coefficient. Means of quintiles of FA intakes were com-
pared with the Bonferroni test and with the test of linear trend.

RESULTS

Complete dietary data from at least ten 24-h record question-
naires were obtained from 4,884 subjects (2,099 men and
2,785 women), who formed the population sample used for
this study and who represented 38.3% of the whole cohort
(41.7% of men and 36.1% of women). The intakes of total fat
and of individual n-6 and n-3 PUFA by men and women are
given in Tables 1 and 2. When total fat and FA intakes are ex-
pressed as the percentage of energy intake (Table 2), women
appear to have consumed slightly more total fat than men
(38.1 vs. 36.3% of energy), as well as slightly more linoleic
and α-linolenic acids; there are no or only minute differences
between sexes concerning long-chain PUFA consumption on
an energy basis. The mean linoleic acid intakes amounted to
ca. 4.2% of energy intake in both men and women, and less
than 5% of the population consumed less than 2.7% of energy
as linoleic acid (Table 2). The mean α-linolenic acid intakes
were ca. 0.38% of energy, and 95% of the population sample
did not reach 0.5% of energy intake as α-linolenic acid. As a
consequence, the linoleic acid/α-linolenic acid ratio was
fairly high: 11.3 on average, with 50% of the population hav-
ing a ratio over 10.8. One-half of the population sample
(56.8% of men and 45.6% of women) had both an α-linolenic
acid intake of less than 0.4% of energy and a linoleic acid/α-
linolenic acid ratio greater than 10. Whereas the arachidonic
acid mean intakes amounted to 204 mg/d in men and 152
mg/d in women (0.08% of energy for both), long-chain n-3
PUFA mean intakes were 497 mg/d in men and 400 mg/d in
women, representing 0.21% of energy, and consisted of 55%
DHA, 30% EPA, and 15% DPA. In contrast to the other
PUFA, intakes of long-chain n-3 PUFA, and especially those
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of EPA and DHA, had a skewed distribution (mean/median =
1.27), with an SD reaching more than 70% of the mean. The
ratio between the 95th and the 5th percentiles reached 10–12
for EPA and 13–16 for DHA, but only 2–3 for linoleic, α-
linolenic, and arachidonic acids. This reflects much larger in-
terindividual variations in the intakes of n-3 long-chain
PUFA, especially EPA and DHA, than for the other PUFA.

Both linoleic and α-linolenic acid intakes were highly cor-
related to total energy and total fat intakes (Table 3), the cor-
relation coefficients being the highest for α-linolenic acid.
Correlations with total energy and total fat intakes were quite

significant, though of lesser intensity, with arachidonic acid
and DPA intakes, whereas they were much weaker with EPA
and DHA intakes (Table 3). Both linoleic and α-linolenic acid
intakes were correlated with the intakes of animal products
(meat, processed meat, offal, poultry, game, and eggs),
whereas only linoleic acid intake was strongly correlated with
the intake of vegetable oils. α-Linolenic acid intake was very
poorly correlated with the intake of α-linolenic acid-rich veg-
etable oils present on the French market (rapeseed, soybean,
and walnut oils). Arachidonic acid intake was highly corre-
lated with the intake of animal products, whereas EPA and
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TABLE 1
Intakes of Total Fat and of n-6 and n-3 PUFA (g or mg/d)

Total fat 18:2n-6 18:3n-3 18:2n-6/ 20:4n-6 20:5n-3 22:5n-3 22:6n-3 LC n-3a

(g/d) (g/d) (g/d) 18:3n-3 (mg/d ) (mg/d) (mg/d) (mg/d) (mg/d)

Men
(n = 2099)

Mean 94.06 10.64 0.94 11.5 203.9 149.9 74.8 272.6 497.3
SD 22.42 3.28 0.25 3.0 66.0 112.1 33.0 191.3 325.1
Minimum 32.11 2.74 0.37 4.8 55.1 4.5 12.9 10.0 39.9
5th percentile 59.97 6.13 0.59 7.7 111.1 27.5 33.5 66.0 139.3
Median 93.32 10.12 0.92 11.0 197.0 119.6 68.2 221.3 408.3
95th percentile 134.42 16.74 1.37 16.9 323.2 375.1 138.4 668.4 1159.3
Maximum 187.53 27.85 2.62 39.3 558.2 768.5 275.7 1472.8 2617.0

Women
(n = 2785)

Mean 73.55 8.10 0.74 11.1 151.9 117.8 55.9 225.9 399.6
SD 19.17 2.60 0.20 2.7 49.2 94.2 27.8 170.9 286.0
Minimum 19.46 2.10 0.21 4.8 14.5 2.0 2.3 6.5 10.8
5th percentile 44.29 4.29 0.45 7.6 79.2 19.2 22.9 50.0 101.3
Median 72.00 7.80 0.71 10.7 147.8 91.4 50.2 177.0 320.6
95th percentile 106.88 12.75 1.10 16.3 238.6 308.5 109.1 574.2 980.2
Maximum 172.15 21.11 1.98 32.1 347.4 853.3 269.5 1770.2 2893.0

aLong-chain (LC) n-3 PUFA: sum of 20:5n-3, 22:5n-3, and 22:6n-3.

TABLE 2
Intakes of Total Fat and of n-6 and n-3 PUFA (% of total energy intake)

Total fat 18:2n-6 18:3n-3 20:4n-6 20:5n-3 22:5n-3 22:6n-3 LC n-3a

Men
(n = 2099)

Mean 36.29 4.13 0.36 0.08 0.06 0.03 0.11 0.21
SD 4.58 1.08 0.07 0.02 0.05 0.01 0.08 0.13
Minimum 18.87 1.45 0.20 0.02 0.00 0.01 0.01 0.02
5th percentile 28.41 2.71 0.28 0.05 0.01 0.01 0.03 0.06
Median 36.30 3.95 0.35 0.08 0.05 0.03 0.09 0.16
95th percentile 43.65 6.13 0.48 0.12 0.15 0.05 0.26 0.45
Maximum 56.11 11.04 1.11 0.19 0.48 0.10 0.54 0.97

Women
(n = 2785)

Mean 38.12 4.22 0.38 0.08 0.06 0.03 0.12 0.21
SD 4.44 1.06 0.07 0.02 0.05 0.01 0.09 0.16
Minimum 18.41 1.68 0.18 0.01 0.00 0.00 0.01 0.01
5th percentile 30.73 2.75 0.30 0.05 0.01 0.01 0.03 0.06
Median 38.33 4.08 0.38 0.08 0.05 0.03 0.09 0.17
95th percentile 44.60 6.14 0.50 0.12 0.17 0.06 0.30 0.52
Maximum 53.65 10.20 1.04 0.22 0.53 0.17 1.11 1.81

P (t-test), 
men vs. women <0.0001 0.002 <0.0001 0.42 0.40 0.37 <0.0001 0.01

aLong-chain (LC)  n-3 PUFA: sum of 20:5n-3, 22:5n-3, and 22:6n-3.



DHA intakes were highly correlated with fish and seafood in-
takes, especially that of fatty fish. The intake of DPA was cor-
related both with the intake of fish and seafood and with that
of meat, poultry, and eggs.

The percentages of each FA provided by the different food
types were calculated separately in men and in women and
were quite similar in both sexes; the results are therefore pre-
sented in the whole population sample (Table 4). The main
source of linoleic acid was fats and oils, which contributed to
one-third of the intake. Within fats and oils, vegetable oils (in-
cluding those present in fatty sauces) were by far the main
source, margarines being only a minor contributor to linoleic
acid intake. Animal products other than dairy products were
also an important source of linoleic acid. Almost all types of
food, except fish and seafood, contributed significantly to the
intake of α-linolenic acid. Both dairy products and other ani-
mal products (other than fish and seafood) were major sources
of α-linolenic acid, together providing more than 41% of the
intake. Fruits and vegetables (including vegetable-based
preparations) were also a significant source of α-linolenic
acid, in spite of their low lipid contents. Fats and oils con-
tributed only to ca. 10% of the α-linolenic acid intake, as a
consequence of the very low consumption of α-linolenic acid-
rich oils (rapeseed, soybean, walnut) in France. In fact, the
vegetable oils consumed by the sample studied were: sun-
flower oil (38.5% of the total intake of vegetable oils), olive
oil (35.2%), peanut oil (13.3%), blended oil (8.0%), grapeseed
oil (1.6%), corn oil (1.6%), rapeseed oil (0.9%), walnut oil
(0.6%), and soybean oil (0.3%). Meats, poultry, and eggs were
by far the main source of arachidonic acid, contributing more
than two-thirds of the intake. The main sources of n-3 long-
chain PUFA were fish, seafood, and animal products other

than dairy products. Fish and seafood were the major source
of EPA and DHA: They contributed 72 and 65%, respectively,
of the intake of these FA. At variance, DPA was principally
obtained from meat, poultry, and eggs, which contributed
55% of its intake, fish and seafood being the source second in
importance. The small amounts of long-chain PUFA found in
pasta and rice, vegetables, potatoes, and soups are due to the
fact that these items include preparations containing some ani-
mal products. Globally, 60% of the n-3 long-chain PUFA in-
take was provided by fish and seafood and 25% by terrestrial
animal products, which therefore represent a significant con-
tribution. Although it could be of major importance in some
individuals, the contribution of fish oil supplements to the in-
take of n-3 long-chain PUFA was on average very low (less
than 1%).

To obtain additional information on the foods associated
with different levels of n-3 FA intake in the population sam-
ple, we calculated some characteristics of the quintiles of the
sample according to α-linolenic acid intake or to long-chain
n-3 FA intake (expressed as the percentage of energy intake);
these are shown in Tables 5 and 6, respectively. The total fat
intake level (expressed as the percentage of energy intake)
was increased through successive quintiles of α-linolenic acid
intake, but total energy intake did not increase at the same
time. In contrast, it slightly decreased in men (Table 5). The
intakes of animal products followed different patterns across
quintiles of α-linolenic acid intakes: Meat, poultry, and eggs
remained unchanged or were increased, whereas dairy prod-
ucts were decreased between the 1st and the 5th quintile
(Table 5). Vegetable oil consumption was increased in suc-
cessive quintiles of α-linolenic acid intakes; the intake of oils
rich in α-linolenic acid was strongly increased, but at very
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TABLE 3
Intakes of n-6 and n-3 PUFA: Correlations with the Intakes of Energy, Total Fat, and Some Food Groups (Spearman’s correlation coefficients)

18:2n-6 18:3n-3 20:4n-6 20:5n-3 22:5n-3 22:6n-3 LC n-3a

18:3n-3 0.73b

20:4n-6 0.54 0.53
20:5n-3 0.18 0.20 0.36
22:5n-3 0.39 0.39 0.70 0.80
22:6n-3 0.20 0.21 0.40 0.93 0.81
LC n-3 0.22 0.23 0.44 0.97 0.86 0.99
Total energy 0.69 0.83 0.57 0.20 0.42 0.21 0.24
Total fat 0.74 0.85 0.63 0.19 0.44 0.21 0.24
Fatty and half-fatty fishc 0.11 0.12 0.24 0.83 0.67 0.85 0.85
Fish and seafoodd 0.17 0.18 0.27 0.75 0.54 0.73 0.74
Meat, poultry, and eggse 0.48 0.45 0.75 0.11 0.50 0.10 0.16
Dairy foods 0.04 0.16 −0.01 0.01 −0.02 0.02 0.01

P = 0.006 P > 0.1 P > 0.1 P > 0.1 P > 0.1 P > 0.1
Vegetable oils 0.53 0.29 0.26 0.11 0.22 0.10 0.12
Rapeseed, soybean,
and walnut oils 0.05 0.11 0.00 0.05 0.03 0.05 0.05

P > 0.1 P = 0.04
aLong-chain (LC) n-3 PUFA: sum of 20:5n-3, 22:5n-3, and 22:6n-3.
bAll correlation coefficients are significant for P < 0.001, except those for which a P value is indicated.
cFatty fish (more than 1.5 g of n-3 LC PUFA/100 g): fish roe, herring, mackerel, salmon, fresh sardines, fresh tuna; half-fatty fish (between 0.5 g and 1.5 g of
n-3 LC PUFA/100 g): anchovies, eel, sea bass, carp, halibut, mullet, dogfish, canned sardines, trout; lean fish: the other fish items described (less than 0.5 g
of n-3 LC PUFA/100 g).
dIncludes fatty fish, half-fatty fish, lean fish, and seafood.
eIncludes meat, processed meat, offal, poultry, game, and eggs.



low levels (Table 5). The consumption of fruits and vegeta-
bles was increased by ca. 45% between the first and the 5th
quintile of α-linolenic acid intake (Table 5). Subjects in the
5th quintile of long-chain n-3 PUFA intake consumed 24
times more fatty fish, 7 times more half-fatty fish, 2 times

more lean fish, and 4 times more molluscs and crustaceans
than subjects in the 1st quintile (Table 6). In contrast, the in-
take of energy decreased, and that of total fat (% of energy)
and of meat, poultry, and eggs did not vary much across the
quintiles of long-chain n-3 PUFA intake.
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TABLE 4
Food Sources of Total Fat and of n-6 and n-3 PUFA (% of the total intake of total fat or of each FA brought by each food group: means of the
whole population sample)

Food groups Total fat 18:2n-6 20:4n-6 18:3n-3 20:5n-3 22:5n-3 22:6n-3 LC n-3a

Meats and meat dishes 9.63 6.00 14.60 7.73 8.25 18.84 2.07 6.75
Processed meats 8.00 8.29 16.22 5.45 4.50 17.08 2.83 5.88
Poultry and game 2.24 3.35 14.99 2.44 2.22 7.90 1.90 2.99
Offal 0.42 0.33 4.44 0.24 1.92 5.17 1.34 2.27
Eggs 2.71 3.33 16.92 1.32 0.64 6.27 10.28 6.88
Total meat, poultry, and eggs 23.00 21.30 67.17 17.18 17.53 55.26 18.42 24.77

Milk 2.23 0.40 0.00 1.37 0.00 0.00 0.00 0.00
Butter and cream 11.57 1.91 0.00 9.24 0.00 0.00 0.00 0.00
Cheeses 11.94 2.14 1.06 11.83 0.00 0.00 0.00 0.00
Fresh cheese 1.15 0.23 0.00 0.86 0.00 0.00 0.00 0.00
Yogurts 1.50 0.37 0.00 1.34 0.00 0.00 0.00 0.00
Total dairy products 28.39 5.05 1.06 24.64 0.00 0.00 0.00 0.00

Fatty fishb 1.13 0.30 4.66 0.99 32.93 19.99 33.00 30.87
Half-fatty fishc 0.33 0.25 1.62 0.36 11.15 3.90 8.14 8.50
Lean fishd 0.61 0.54 2.04 0.28 14.39 4.55 15.03 12.73
Molluscs and crustaceans 0.27 0.12 2.74 0.12 13.51 3.96 8.51 9.06
Total fish and seafood 2.34 1.21 11.06 1.75 71.98 32.40 64.68 61.16

Vegetable oils 5.26 16.98 0.00 3.74 0.00 0.00 0.00 0.00
Margarines 2.43 3.81 0.00 2.79 0.00 0.00 0.00 0.00
Animal fats 0.21 0.19 0.20 0.21 0.05 0.28 0.05 0.09
Fatty sauces 4.73 12.56 0.84 3.24 0.03 0.33 0.48 0.31
Total fats and oils 12.64 33.54 1.04 9.98 0.08 0.61 0.53 0.40

Breakfast cereals 0.48 1.15 0.00 0.52 0.00 0.00 0.00 0.00
Bread 1.99 6.44 0.01 5.86 0.00 0.00 0.01 0.00
Yeast-raised rolls 2.70 1.61 1.99 2.93 0.06 0.72 1.24 0.81
Pasta and ricee 1.10 1.11 0.40 0.47 0.42 0.43 0.17 0.27
Total cereal products 6.27 10.31 2.40 9.78 0.48 1.15 1.41 1.08

Fruits 0.77 1.88 0.00 6.36 0.00 0.00 0.00 0.00
Nuts 1.39 3.16 0.00 3.12 0.00 0.00 0.00 0.00
Vegetablesf 1.88 4.12 0.16 8.29 0.23 0.08 0.17 0.16
Legumes 0.09 0.26 0.00 1.16 0.00 0.00 0.00 0.00
Potatoesg 1.55 3.33 0.16 1.47 0.00 0.04 0.08 0.05
Soups 1.25 0.31 0.21 0.73 0.89 0.51 0.60 0.65
Total fruits and vegetables 6.93 13.06 0.53 21.13 1.12 0.63 0.85 0.86

Biscuits 0.69 0.76 0.35 0.91 0.01 0.12 0.21 0.14
Chocolate 1.41 0.64 0.00 0.28 0.00 0.00 0.00 0.00
Pastry, desserts 10.20 6.74 11.21 7.43 0.31 3.87 7.06 4.53
Sugar and sweets 0.04 0.07 0.00 0.35 0.00 0.00 0.00 0.00
Total sweet products 12.34 8.21 11.55 8.97 0.32 3.99 7.27 4.67

Spices and dressingsh 0.28 0.22 0.04 0.45 0.02 0.04 0.01 0.01
Hot drinks 1.07 0.33 0.00 0.58 0.00 0.00 0.00 0.00
Dietetetic products 0.09 0.09 0.02 0.17 1.97 1.06 1.09 1.40
Snacks 5.93 5.23 4.11 4.49 4.36 3.98 4.36 4.18
Miscellaneous 0.71 1.42 1.03 0.85 2.13 0.87 1.37 1.45
Total miscellaneous 8.08 7.29 5.20 6.54 8.48 5.95 6.83 7.04
aLong-chain (LC) n-3 PUFA: sum of 20:5n-3, 22:5n-3, and 22:6n-3.
bMore than 1.5 g of LC n-3 PUFA/100 g: fish roe, herring, mackerel, salmon, fresh sardines, fresh tuna.
cBetween 0.5 and 1.5 g of LC n-3 PUFA/100 g: anchovies, sea bass, carp, eel, halibut, mullet, dogfish, canned sardines, trout.
dLess than 0.5 g of n-3 PUFA/100 g: all other fish items described.
eIncluding pasta- or rice-based dishes.
fIncluding vegetable-based dishes.
gIncluding potato-based dishes.
hExcept fatty sauces, which are classed in the fats and oils group.



DISCUSSION

The quality of the estimation of nutrient intakes of popula-
tions depends on the method used to measure the intakes of
foods. A good estimation of the intakes of energy, total fat,
and FA requires a detailed measure of the intake of all foods,
since a large number of foods contribute to the intake of these
nutrients. One strength of this study is the method used to
record food intake: The repeated 24-h record with indication
of portion sizes allows accurate and detailed food recording,
as does inclusion of enough days of record over a sufficiently
long period to estimate without major bias the individual
mean intakes of most food types. Other strengths of our study
are the national recruitment of subjects and the significant co-
hort size. Its main limit resides in the recruitment of volun-
teers implied by an interventional trial such as SU.VI.MAX:
People willing to take a nutritional supplement daily and to
answer many questionnaires over 8 yr cannot be considered
as representative of the population but are likely to be more
health-conscious and nutritionally aware than the average
French citizen.

In spite of large differences in dietary habits, linoleic acid in-
take does not show great variations between population samples
from diverse countries (Canada, the United States, Japan, Nor-
way, Germany, Belgium, The Netherlands, Australia, and
France): Most estimations of linoleic acid mean intake comprise
between 4 and 6% of total energy intake (7–9,11–15,24–27).
Higher values have been found in Germany (12) and The Nether-
lands (27,28) (about 5–6%), and lower values in France

(3.9–4.4%) (7,28). Remarkably, the latter estimations, obtained
from small samples and by different methods, are close to ours.
The Japanese consume on average less total fat than people from
Western countries: 20–29% of energy compared with 33–45%
(9,26,29,30), but their linoleic acid intake is as high (9,10,26,31).
At variance with linoleic acid, the intake of α-linolenic acid ap-
pears to vary significantly between populations: from 0.3 to 1%
of energy intake. The highest mean intakes are found in Japan-
ese samples: 1.7–2.2 g/d or 0.7–1% of energy, with a linoleic/α-
linolenic acid ratio varying between 4 and 8 (9,10,26,31,32), as a
consequence of the widespread use of rapeseed and soybean oils
in Japan (29,30). In samples from Western countries (the United
States, Canada, Norway, Germany, Belgium, the Netherlands,
Australia), most values of α-linolenic acid intake are in the range
of 1.3–1.8 g/d for men and 1.2–1.7 g/d for women, or 0.5–0.6%
of energy, and the linoleic/α-linolenic acid ratio is generally be-
tween 6 and 10 (8,11–15,25,27). In a small sample of French
women (7), the intake of α-linolenic acid was estimated as
0.6–0.8 g/d, or 0.30–0.36% of energy, in good agreement with
our estimate (0.7 g/d in women, or 0.38% of energy). The mean
linoleic/α-linolenic acid ratio found in Combe and Boué’s study
(7) and in our study are consistently higher than in other studies
(11–14 vs. 6–10). The TRANSFAIR study has compared the in-
takes of FA of population samples from 14 countries in Europe
(28). In the French sample of that study, the α-linolenic acid in-
take was estimated as 0.6 g/d in men and 0.5 g/d in women, about
30% lower than our estimation, and the lowest among the coun-
tries studied, in which the intake ranged from 0.6 to 2.2 g/d in
both sexes (28). Other countries from southern Europe (Greece,
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TABLE 5
Characteristics of Quintiles of 18:3n-3 Intake in Men and Women (means ± SEM)a

Quintiles of 18:3n-3 { Men < 0.32 [0.33–0.34] [0.34–0.37] [0.37–0.40] >0.40 P for P for
intake (% of energy) Women < 0.33 [0.33–0.36] [0.36–0.39] [0.39–0.42] >0.42 Fisher’s test linear trend

No. of subjects { Men 419 420 420 420 420
— —

Women 557 557 557 557 557

Total energy { Men 2363 ± 24 2352 ± 24 2351 ± 24 2307 ± 21 2285 ± 22 0.075 0.006
intake (kcal/d) Women 1719 ± 16 1755 ± 16 1744 ± 17 1726 ± 16 1708 ± 16 0.240 0.314

Total fat { Men 32.4 ± 0.2a 35.5 ± 0.2b 36.6 ± 0.2c 38.4 ± 0.2d 38.6 ± 0.2d <0.001 <0.001
(% of energy) Women 34.9 ± 0.2a 37.5 ± 0.2b 38.5 ± 0.2c 39.5 ± 0.2d 40.2 ± 0.2e <0.001 <0.001

18:2n-6 (% { Men 3.64 ± 0.05a 3.95 ± 0.05b 4.04 ± 0.05b 4.35 ± 0.05c 4.65 ± 0.05d <0.001 <0.001
of energy) Women 3.70 ± 0.04a 4.04 ± 0.04b 4.18 ± 0.04b 4.39 ± 0.04c 4.81 ± 0.04d <0.001 <0.001

18:2n-6/18:3n-3 { Men 12.6 ± 0.2a 12.0 ± 0.2b 11.4 ± 0.1c 11.3 ± 0.1c 10.2 ± 0.1d <0.001 <0.001
Women 12.0 ± 0.1a 11.6 ± 0.1b 11.1 ± 0.1b,c 10.9 ± 0.1c 10.1 ± 0.1d <0.001 <0.001

Meats, poultry, { Men 186 ± 4 188 ± 3 186 ± 3 191 ± 4 185 ± 4 0.609 0.481
and eggsb (g/d) Women 119 ± 2a 129 ± 2a,b 133 ± 2b,c 136 ± 2c 132 ± 2b,c <0.001 <0.001

Dairy products { Men 270 ± 8 268 ± 8 281 ± 7 259 ± 8 253 ± 7 0.262 0.698
(g/d) Women 266 ± 7 253 ± 6 249 ± 6 255 ± 6 235 ± 6 0.201 0.193

Vegetable oils and { Men 9.7 ± 0.3a 10.9 ± 0.3a,b 11.0 ± 0.3b,c 11.6 ± 0.3b,c 12.4 ± 0.3c <0.001 <0.001
fatty sauces (g/d) Women 7.4 ± 0.2a 8.4 ± 0.2b 9.1 ± 0.2b,c 9.8 ± 0.2c 10.5 ± 0.2d <0.001 <0.001

Rapeseed, soybean, { Men 0.01 ± 0.00a 0.02 ± 0.00a,b 0.04 ± 0.01a,b 0.08 ± 0.01b 0.19 ± 0.03c <0.001 <0.001
and walnut oils (g/d) Women 0.01 ± 0.00a 0.02 ± 0.00a 0.02 ± 0.01a 0.04 ± 0.01a 0.15 ± 0.02b <0.001 <0.001

Fruits and { Men 291 ± 7a 333 ± 7b 365 ± 8c 373 ± 8c,d 426 ± 9d <0.001 <0.001
vegetables (g/d) Women 274 ± 7a 294 ± 5b 326 ± 6b 357 ± 6c 386 ± 6d <0.001 <0.001

aWithin each line, means followed by a common letter are not significantly different according to the Bonferroni test (P < 0.05).
bIncludes meats and meat products, processed meats, offal, poultry, game, and eggs.



Italy, Portugal, Spain) also had low values of α-linolenic acid in-
take (0.6–0.8 g/d in men) and high linoleic/α-linolenic acid ra-
tios (>13), whereas values closer to recommendations were
found in countries of northwestern Europe (Belgium, Denmark,
Finland, Iceland, The Netherlands, Sweden, and United King-
dom) (28). Among the food habits accounting for this difference,
the much lower consumption of margarines in France and in
southern Europe than in northwestern Europe (33) is likely to be
of importance. Our finding that animal products are the main
sources of α-linolenic acid is in accordance with the study by
Combe and Boué (7). Remarkably, the variation in linolenic acid
intake within the population sample of our study is not related to
the consumption of these animal products, but mainly to total fat
intake and also to the intake of relatively minor sources such as
fruits and vegetables.

Our estimates of arachidonic intake (on average, 204 mg/d
in men and 152 mg/d in women) are in the range of values
found in other countries (Canada, Germany, Japan, The
Netherlands, Sweden): 160–230 mg/d in men and 120–200
mg/d in women (9–14,26,32). Higher values have been found
in a study from northern Spain (about 250 mg/d on average,
pooled men and women) (34). Lower values were found in
Australian studies: 130 mg/d in men and 96 mg/d in women
(35), 68 mg/d in men and 41 mg/d in women aged 19–64 (15).
Since meat and egg consumption appears about the same or
even higher in white Australians (36) than in French adults,
the lower values found by Australian studies might be due to

lower values of arachidonic acid contents in foods. However,
the arachidonic acid contents of lean red meats, poultry, liver,
and eggs in our table (Table 19) are quite comparable to those
published in one of these studies (35). We have taken into ac-
count in our table that meat fat, especially pork fat, can sig-
nificantly contribute to dietary arachidonic acid intake (37),
but this does not seem to be able to explain the large differ-
ence between the study by Meyer et al. (15) and this and other
studies. The single 24-h recall used in the study by Meyer et
al. has perhaps underestimated the intake of some foods. For
example, the very low contribution of eggs to arachidonic
acid intake in that study (0.16%) appears surprising: It would
correspond to an unlikely average intake of less than 0.1 g
egg/d, compared with an 18 g/d estimate in an Australian
study using a food-frequency questionnaire (36).

The published estimations of long-chain n-3 PUFA intakes
show great variations between studies and countries. The
highest intakes are found in Japan, with EPA + DHA intakes
amounting to 1–1.5 g/d in men and 0.7–1.1 g/d in women
(9,10,26,31,32), but high values also have been found in Nor-
way (1 g/d in men and 0.7 g/d in women) (14) and in Spain
(about 0.7 g/d in pooled men and women) (34,37), likely due
to the higher consumption of fish in Scandinavian countries
and in Spain than in the rest of Europe (38). Lower values of
EPA + DHA intake have been found in the United States (210
mg/d in men and 240 mg/d in women) (24), in Germany (ca.
315 mg/d in men and 215 mg/d in women) (12), and in Australia
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TABLE 6
Characteristics of Quintiles of Long-Chain n-3 PUFAa Intake in Men and Women (means ± SEM)b

Quintiles of long-
chain n-3 PUFA { Men <0.09 [0.09–0.14] [0.14–0.19] [0.20–0.28] >0.28 P for P for
intake (% of energy) Women <0.09 [0.09–0.14] [0.14–0.20] [0.20–0.32] >0.32 Fisher’s test linear trend

No. of subjects { Men 419 420 420 420 420
— —

Women 557 557 557 557 557

Total energy { Men 2404 ± 23a 2355 ± 22ab 2356 ± 23a,b 2299 ± 22b,c 2245 ± 23c <0.001 <0.001
intake (kcal/J) Women 1784 ± 17a 1755 ± 17a 1754 ± 16a 1721 ± 16a 1639 ± 15b <0.001 <0.001

Total fat { Men 35.4 ± 0.2a 36.0 ± 0.2a,b 36.7 ± 0.2b 36.6 ± 0.2b 36.8 ± 0.2b <0.001 <0.001
(% of energy) Women 38.0 ± 0.2 37.8 ± 0.2 38.4 ± 0.2 38.3 ± 0.2 38.2 ± 0.2 0.129 0.150

Meats, poultry, { Men 189 ± 3 192 ± 3 193 ± 4 180 ± 3 182 ± 3 0.044 0.012
and eggsc (g/d) Women 127 ± 2a,b 134 ± 2a 133 ± 2a,b 131 ± 2a,b 124 ± 2b 0.003 0.167

Fatty fishd (g/d) { Men 0.6 ± 0.1a 2.4 ± 0.1b 5.8 ± 0.3c 11.1 ± 0.3d 26.5 ± 0.7e <0.001 <0.001
Women 0.4 ± 0.0a 1.5 ± 0.1b 4.6 ± 0.2c 10.3 ± 0.3d 23.4 ± 0.5e <0.001 <0.001

Half-fatty { Men 1.1 ± 0.1a 3.4 ± 0.3b 5.2 ± 0.3b,c 7.0 ± 0.5c,d 9.7 ± 0.7d <0.001 <0.001
fishe (g/d) Women 0.5 ± 0.1a 2.7 ± 0.2b 4.0 ± 0.3c 5.0 ± 0.3c,d 6.7 ± 0.5d <0.001 <0.001

Lean fishf (g/d) { Men 13.8 ± 0.7a 21.6 ± 0.9b 24.6 ± 1.2b 27.4 ± 1.2b 27.6 ± 1.2b <0.001 <0.001
Women 11.1 ± 0.5a 18.3 ± 0.6b 18.7 ± 0.7b 20.3 ± 0.8b 22.3 ± 0.8c <0.001 <0.001

Molluscs and { Men 3.8 ± 0.3a 8.2 ± 0.5b 11.5 ± 0.7b 15.1 ± 0.8c 16.7 ± 0.9c <0.001 <0.001
crustaceans (g/d) Women 2.8 ± 0.2a 6.8 ± 0.4b 9.9 ± 0.5c 10.7 ± 0.6c 12.6 ± 0.6c <0.001 <0.001

Total fish and { Men 19.3 ± 0.7a 35.6 ± 0.9b 47.0 ± 1.3c 60.6 ± 1.4d 80.4 ± 1.7e <0.001 <0.001
seafood (g/d) Women 14.7 ± 0.5a 29.3 ± 0.7b 37.1 ± 0.8c 46.4 ± 1.0d 64.8 ± 1.2e <0.001 <0.001

aLong-chain n-3 PUFA: sum of 20:5n-3, 22:5n-3, and 22:6n-3.
bWithin each line, means followed by a common letter are not significantly different according to the Bonferroni test (P < 0.05).
cIncludes meats and meat products, processed meats, offal, poultry, game, and eggs.
dContains more than 1.5 g of n-3 PUFA/100 g: fish roe, herring, mackerel, salmon, fresh sardines, fresh tuna.
eContains between 0.5 and 1.5 g of n-3 PUFA/100 g: anchovies, sea bass, carp, eel, halibut, mullet, dogfish, canned sardines, trout.
fContains less than 0.5 g of n-3 PUFA/100 g: includes all other fish items described.



(190 mg/d in men and 135 mg/d in women) (15), but the sin-
gle 24-h recall method used in the two latter studies has pos-
sibly underestimated fish consumption. The mean fish and
seafood consumption in France ranks among high values in
Europe (after Spain and Scandinavian countries) (38). DPA
intake has been estimated less frequently. Higher values have
been found in Japan (85–105 mg/d) (10,32); our values are
similar to those of a Swedish study (80 mg/d in men and 60
mg/d in women). Again, lower values were found in Australia
(33 mg/d in men and 21 mg/d in women) (15). We agree with
Australian studies that meat, poultry, and eggs contribute
largely (50% or more) to and correlate with DPA intake
(15,36).

In summary, it appears from our work that the mean α-
linolenic acid intake in the French adult population is low:
0.38% of energy intake, with 95% of the population having
an intake below 0.5%. This is lower than values found in
North America, Australia, and Japan, and among the lowest
values found in Europe. On the other hand, the level of
linoleic acid intake is comparable to that of many other coun-
tries (4.2% of energy intake), although in the lower range of
values. This results in a rather high linoleic/α-linolenic ratio:
11.3 on average. In terms of nutritional adequacy, the adult
French population is far from the current recommendations,
which are of 0.8–1% of energy for α-linolenic acid intake
(5,6), with a linoleic/α-linolenic ratio of 5 (5) or even less (6).
This situation is for the most part the consequence of both the
high intake of linoleic acid-rich oils (sunflower oil) and the
low intake of some good sources of α-linolenic acid: rape-
seed, soybean, and walnut oils, as well as margarines, which
often incorporate rapeseed or soybean oils.

In contrast, the mean intake of long-chain n-3 PUFA
reaches 400–500 mg/d or 0.21% of energy intake, of which
0.11% is DHA, which is well over the current recommenda-
tions for adult subjects (0.2% of energy for all long-chain
PUFA, of which 0.05% of energy as DHA) (5). However,
there are very large individual differences owing to the great
variation in fish and seafood consumption. People in the low-
est quintile of n-3 long-chain PUFA consumption have an in-
take of less than 0.09% of their energy intake as n-3 long-
chain PUFA and consume on average only 15 g fish and
seafood/d, of which less than 1 g/d is fatty fish (Table 6).
However, the population sample studied is likely to be more
health-conscious than the average French person, and to eat
more fish. Therefore, the n-3 long-chain PUFA consumption
of the lower quintile of the whole French population is most
likely lower than our estimate. Encouraging fish consumption
to reach at least two fish portions/wk, of which one portion is
fatty fish, would raise the intake of n-3 long-chain PUFA to
0.2% of calories or more.

At variance with other animal species, the biosynthesis of
n-3 long-chain PUFA from α-linolenic acid occurs in humans
with a low yield: less than 5% in most studies (39), and per-
haps even much lower, at 0.2%, published recently (40). If
one considers that α-linolenic acid exerts its effect through
its conversion to long-chain n-3 PUFA, this means that 50 mg

of the latter, perhaps much less, is nutritionally equivalent to
1 g of α-linolenic acid. However, the question of the biologi-
cal role of α-linolenic acid per se is still a matter of debate
(41). Awaiting new advances in the field, adjusting the
linoleic/α-linolenic acid intake ratio by favoring the con-
sumption of linolenic acid-rich oils and fats at the expense of
linoleic acid-rich sources and by promoting the consumption
of fish are both possible means to improve the EFA intake of
the French population.
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ABSTRACT: Growing female obese Zucker (fa/fa) rats were
treated (via intragastric gavage) for 21 d with either a (i) vehicle
[corn oil; 0.9 g/kg body weight (BW)], (ii) CLA mixture [50:50;
trans-10,cis-12 and cis-9,trans-11 CLA], (iii) cis-9,trans-11 CLA,
or (iv) trans-10,cis-12 CLA (CLA treatments at 1.5 g CLA/kg BW).
Compared with controls, average daily gain (g/d) was reduced
24 and 44% by the CLA mixture and trans-10,cis-12 CLA, re-
spectively. There was no treatment effect on average whole-
body (minus heart and liver) composition (dry matter basis): fat
(70.2%), protein (21.0%), and ash (4.3%). Compared with ani-
mals treated with cis-9,trans-11 CLA, obese Zucker rats treated
with trans-10,cis-12 and the CLA mixture had 7.8% more car-
cass water. Treatment had no effect on heart or liver weights or
on heart or liver weights as a percentage of body weight, but
compared with the other treatments trans-10,cis-12 CLA in-
creased liver lipid content by 33%. Hepatic lipid ratios of
16:1/16:0 and 18:1/18:0 (a proxy for ∆9-desaturase capability)
were not affected by treatment (0.1 and 0.6, respectively). Simi-
lar to previous reports, CLA increased hepatic lipid content and
altered both liver and carcass FA composition (i.e., reduced ar-
achidonic acid content), but the ability of CLA to manipulate
body composition in obese Zucker rats remains questionable.

Paper no. L9434 in Lipids 39, 537–543 (June 2004).

CLA represent a mixture of geometric and positional isomers of
octadecadienoic acid without a methylene group between dou-
ble bonds. CLA are found naturally in dairy products and rumi-
nant meat as a result of PUFA biohydrogenation by rumen bac-
teria (1). Several CLA isomers that differ in the position of the
double bond pairs have been identified, each having a potentially
different and unique biological or biochemical effect. Dietary
CLA is associated with a number of potential human health ben-
efits, including a decrease in the incidence and severity of muta-
genesis, carcinogenesis, atherosclerosis, cachexia, and obesity
(2,3). Identifying the specific CLA isomer responsible for the
aforementioned biological effects has been difficult, as most in-
vestigations have utilized a supplement containing a variety of
isomers. However, anticancer properties are associated with the
cis-9,trans-11 CLA isomer (4), whereas the trans-10,cis-12 iso-

mer markedly alters adipocyte and mammary lipid metabolism
in a number of species (5–9).  

Although dietary CLA has been shown to affect glucose pa-
rameters adversely in some animal models (10), CLA supple-
ments actually improve metabolic parameters of type 2 diabetes
(11,12) in the Zucker diabetic fatty rat. Based on differences in
CLA isomer composition between treatments, it was speculated
that the trans-10,cis-12 isomer was responsible for improving
type 2 diabetes (13), and this has now been confirmed, as trans-
10,cis-12 CLA dramatically improved whole-body and skeletal
muscle insulin action, whereas cis-9,trans-11 CLA was ineffec-
tive at altering these metabolic variables (14). It is unclear
whether these improvements are a direct result of CLA mediat-
ing a specific aspect of glucose homeostasis or an indirect result
of altered body composition. High body fat content or obesity
has long been tightly linked with adult-onset type 2 diabetes
(15). The mechanism by which obesity either causes or con-
tributes to this disorder is not clear but may include adipocyte-
derived cytokines (16) and dyslipidemia (17).

As stated earlier, dietary CLA has been demonstrated to
be extremely effective at decreasing the fat content (≥60%) in
a number of rodent models (3) and pigs (8). However, a CLA
supplement was ineffective at decreasing the fat content of
lean Sprague-Dawley rats (18) and genetically lean pigs (19),
and CLA actually increased fat pad weight in the obese
Zucker rat (20). Inconsistent effects on carcass composition
studies may be due to differences in CLA isomer composi-
tion, CLA dose, feeding duration, physiological age and state
of experimental animals, and animal genotype.  

The objectives of this study were to compare two specific
CLA isomers (cis-9,trans-11 and trans-10,cis-12) on growth
characteristics, whole body composition, organ weight, and
FA profiles in the obese Zucker (fa/fa) rat. Furthermore, we
were interested in determining whether the improvements in
defective metabolic parameters observed in the obese Zucker
rat were associated with decreases in carcass fat content.

EXPERIMENTAL PROCEDURES

All protocols and procedures were approved by The University
of Arizona Institutional Animal Care and Use Committee. Fe-
male obese Zucker rats (Hsd/Ola: ZUCKER-fa; Harlan, Indi-
anapolis, IN) were used to determine the effects of a CLA
supplement and specific CLA isomers (relatively pure cis-9,
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trans-11 and trans-10,cis-12) on glucose homeostasis param-
eters (glucose tolerance tests, skeletal muscle glucose trans-
port activity, muscle glucose transporter-4 (GLUT-4) protein
level, muscle citrate synthase activity, muscle carbonyl lev-
els, and muscular TG concentration), and these results have
been presented elsewhere (14).  

Animals and experimental design. The study protocol has
been described in detail previously (14). Briefly, growing fe-
male obese Zucker (fa/fa) rats [n = 19; mean initial body weight
(BW) was 279 ± 11 g, mean ± SD] were fed a standard common
diet (Table 1) and treated, via intragastric gavage, for 21 d with
either a (i) control/carrier (n = 5; corn oil; 0.9 g/kg BW), (ii)
CLA mixture (n = 4; 45% trans-10,cis-12; 45% cis-9,trans-11
CLA; 8% 18:1; <1% 18:0 + 16:0; 1.5 g/kg BW), (iii) cis-
9,trans-11 CLA (n = 5; 53% cis-9,trans-11; 27% 18:1; 17%
trans-10,cis-12 CLA; 3.3% 18:2; <0.5% 16:0 + 18:0; 1.5 g/kg
BW), or (iv) trans-10,cis-12 CLA (n = 5; 72% trans-10,cis-12;
9% 18:1; 8% cis-9,trans-11 CLA; 7% 16:0; 2% 18:0; 1.5 g/kg
BW). All CLA were kindly provided by BASF (Ludwigshafen,
Germany) and were delivered as ethyl esters.

Following an overnight fast, animals were anesthetized with
pentobarbital sodium (50 mg/kg BW ip), and final carcass
weights were determined. The heart, kidney, liver, and soleus
and plantaris muscles were dissected out and weighed. Kidneys
were added back to the carcass for whole-body composition
analysis, but livers were kept separate for additional analyses.
Hearts and aforementioned muscles (~100–200 mg) were used
as previously described (14) and were not included in the body
composition analyses. Animals were quartered and freeze-dried
(Virtis, Gardiner, NY) for 7 d to ensure complete removal of
water. Freeze-dried carcasses were homogenized, along with dry
ice, using a commercial food processor (Robot Coupe, Jackson,
MS), and the homogenate was used to determine dry matter, ash,
protein, and fat percentage.

Body composition analysis. For ashing, tissue (2 g) was dried
overnight in a 100°C oven, weighed, placed in a muffle furnace
for 6 h at 550°C, and then reweighed. Protein analysis was per-
formed using a FP-528 Nitrogen Determinator (LECO Corp.,
St. Joseph, MI) using 0.2 g of tissue. Total N content was multi-
plied by a correction factor of 6.25 to obtain protein concentra-
tion. Both ash and protein analyses were performed in triplicate.
Percent fat was determined using a modified Folch et al. method
(21). Briefly, a 2:1 chloroform/methanol solution was added to
tissue (2 g), vortexed for 5 min, and centrifuged (400 × g). Su-
pernatant was filtered through a Buchner funnel using #1 What-
man paper. To the filtrate, 0.58% NaCl solution was added; this
mixture was mixed, recentrifuged (400 × g), and the top layer
was removed and discarded. The lower layer was dried under
N2 until less than 8 mL remained and then transferred to a
preweighed extraction tube and dried completely. Fat extractions
were performed in duplicate. A separate extraction was per-
formed for FA analyses. 

FA analysis. FAME from carcass and liver lipids were pre-
pared by the transmethylation procedure described by Christie
(22) with modifications (23). Briefly, hexane (2 mL, HPLC
grade) was added to 40 mg of lipid followed by 40 µL of methyl
acetate. After vortexing, 40 µL of methylation reagent (1.75 mL
methanol and 0.4 mL of 5.4 mol/L sodium methylate) was
added, the mixture was revortexed and then allowed to react for
10 min and then 60 µL of termination reagent (1 g oxalic acid in
30 mL diethyl ether) and ~200 mg of calcium chloride were
added and allowed to stand for 60 min. Samples were cen-
trifuged at 2,400 × g at 4°C for 5 min. Following centrifugation,
the liquid portion was transferred to a labeled GC vial and stored
at –20°C. FAME were quantified using a gas chromatograph
(Hewlett-Packard GC system 6890; Wilmington, DE) equipped
with an FID and a CP-7420 fused-silica capillary column (100
m × 0.25 mm i.d. with 0.2-µm film thickness; Varian, Walnut
Creek, CA). Initial oven temperature (160°C) was held for 28
min then ramped at 5°C/min to 220°C, where it was held for 10
min. Inlet and detector temperatures were maintained at 250°C,
and the split ratio was 100:1. Hydrogen carrier gas flow rate
through the column was 1 mL/min. Hydrogen flow to the detec-
tor was 30 mL/min, air flow was 400 mL/min, and the nitrogen
makeup gas flow was 25 mL/min. Peaks in the chromatogram
were identified and quantified using pure methyl ester standards
(GLC60; Nu-Chek-Prep, Elysian, MN; GLC60, Matreya, Inc.,
Pleasant Gap, PA; cis-9,trans-11 and trans-10,cis-12 CLA; Nu-
Chek-Prep). 

Statistical analyses. Data were statistically analyzed using
the 1992 PROC-MIXED procedure of SAS (Cary, NC). Data
are presented as least square means ± SEM and considered
significant when main effects were less than P < 0.05.

RESULTS

Average daily body weight gain (ADG) was reduced (P <
0.01) 24 and 44% by the CLA mixture and trans-10,cis-12
CLA, respectively (Table 2). Compared to control and cis-9,
trans-11 CLA treated animals, obese Zucker rats treated with
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TABLE 1 
Diet Chemical Compositiona

Nutrientb Units Compositionb

Waterc % 10.00
Proteinc % 25.03
Fatc,d % 4.25
Fiberc % 4.67
Ashc % 10.09
Nitrogen-free extract % 46.16
Gross energy kcal/g 3.82
Digestible energy kcal/g 3.23
Metabolizable energy kcal/g 2.94
aTeklad 7001 4% Mouse/Rat Diet; Harlan Teklad (Madison, WI).
bIngredients include: soybean meal, ground corn, meat and bone meal, ground
wheat, ground barley, ground oats, dehydrated alfalfa meal, ground limestone,
dried skim milk, animal fat (lard), iodized salt, dicalcium phosphate, choline
chloride, vitamin A acetate, vitamin D-activated animal sterol, vitamin E sup-
plement, niacin, calcium pantothenate, riboflavin, thiamine mononitrate, pyri-
doxine hydrochloride, menadione sodium bisulfite complex, folic acid, biotin,
vitamin B12 supplement, calcium carbonate, manganous oxide, ferrous sulfate,
copper sulfate,  zinc oxide, calcium iodate, and cobalt carbonate.
cOn an as-fed basis.
dFA composition is as follows: 14:0 2%, 16:0 23%, 18:0 9%, 18:1 37%,
18:2 26%, 18:3 3%, 20:4 0.5%. 



trans-10,cis-12 CLA and the CLA mixture had 7.8% more
(P < 0.01) carcass water (Table 2). There was no treatment
effect on whole-body composition (average dry matter basis):
fat (70.2%), protein (21.0%), and ash (4.3%). There was no
treatment effect on soleus and plantaris muscle weights (13)
or on wet heart, kidney, or liver weights (Table 3). Compared
with the other treatments, Zucker rats treated with trans-10,
cis-12 CLA had increased (33%; P < 0.01) liver lipid content
(Table 3). There was no treatment effect on hepatic moisture
content (29.2%; data not shown).   

Analysis of carcass FA indicated cis-9,trans-11 CLA con-
tent was increased (P < 0.01) more than 10-fold in both the cis-
9,trans-11- and CLA mix-treated animals (Table 4). Similarly,
trans-10,cis-12 CLA content was increased (>ninefold; P <
0.01) in both the trans-10,cis-12- and mixed CLA-treated ani-
mals (Table 4). Similar to carcass FA composition, hepatic FA
analysis indicated higher (P < 0.01) levels of both cis-9,trans-
11 CLA and trans-10,cis-12 CLA due to specific CLA treat-
ments and the CLA mix administration (Table 5). Ratios of
16:1/16:0 and 18:1/18:0 (a proxy for ∆9-desaturase capability)
were unaffected in hepatic lipids (0.10 and 0.60, respectively).
Both cis-9,trans-11 and trans-10,cis-12 CLA and the CLA
mixture decreased (P < 0.01) the arachidonic acid (20:4n-6)
concentration in liver lipids by ~15% (Table 5).

DISCUSSION

Although dietary CLA have been demonstrated to have a wide
range of beneficial effects in animal models (2), it has been
shown to cause mild insulin resistance in nondiabetic rodent

models and human individuals susceptible to type 2 diabetes
(10,24). However, dietary CLA improves defective metabolic
parameters associated with type 2 diabetes (10) in some species,
and it is thought that trans-10,cis-12 CLA is an isomer respon-
sible for this phenomenon (13). Henriksen and colleagues (14)
recently directly demonstrated that trans-10,cis-12 CLA im-
proves glucose disposal and reduces the insulin resistance of
skeletal muscle glucose transport in obese Zucker rats. The cis-
9,trans-11 CLA isomer had little or no effect on the aforemen-
tioned glucose homeostatic parameters (14). 

Animals receiving both the CLA mixture and the purified
trans-10,cis-12 CLA had reduced ADG compared with con-
trols and the cis-9,trans-11 CLA-treated groups (Table 2), and
we assume that a reduction in caloric intake can at least par-
tially explain this (unfortunately, feed intake was not mea-
sured). Although reduced weight gain cannot be ruled out as
a partial mechanism by which CLA improves type 2 diabetes,
the ability of CLA to improve glucose metabolic parameters
in the obese Zucker diabetic rat model is not due to improved
body composition because we demonstrated that neither
trans-10,cis-12 nor cis-9,trans-11 CLA reduced carcass fat
percentage or increased body protein content (Table 2). Al-
though these findings are in agreement with previous work
using the obese Zucker model (20), the lack of effect on tis-
sue composition in the current investigation is surprising as
CLA, specifically, trans-10,cis-12 CLA, has been shown to
be very effective at reducing body fat (i.e., >50%) in a num-
ber of rodent models (25–27). A small sample size (n =
4–5/treatment) may have limited our ability to detect statisti-
cal differences, but there were no numerical trends even hinting
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TABLE 3 
Wet Organ Weights of Obese Zucker Rats Treated with Isomers of CLA

Treatmenta

Organ (g) Control CLA mixb c9,t11 CLA t10,c12 CLA SEM P

Heart 0.7 0.6 0.7 0.7 <0.1 0.37
Kidney 1.8 1.7 1.8 1.7 <0.1 0.85
Liver 10.1 10.2 9.9 9.6 0.5 0.80

Lipidc % 23.6a 22.0a 24.4a 31.0b 1.1 <0.01
aRows with different roman superscripts indicate difference, P < 0.05.
bContains 50:50 trans-10,cis-12 and cis-9,trans-11 CLA.
cOn a dry matter basis.

TABLE 2 
Growth Rates and Body Composition of Obese Zucker Rats Treated with Isomers of CLA

Treatmenta

Variable Control CLA mixb c9,t11 CLA t10,c12 CLA SEM P

ADGc (g/d) 2.5b,c 1.9a,b 2.7c 1.4a 0.2 <0.01
Body composition

Water % 38.0a,b 40.8c 37.0a 39.0b,c 0.7 <0.01
Proteind % 20.4 22.2 20.3 20.9 0.7 0.32
Fatd % 70.9 68.6 71.4 70.2 1.1 0.36
Ashd % 4.1 4.5 4.5 4.1 0.4 0.76

aRows with different roman superscripts indicate difference, P < 0.05.
bContains 50:50 trans-10,cis-12 and cis-9,trans-11 CLA.
cAverage daily body weight gain.
dValues are on a dry matter basis.



at treatment effects. In addition, others have demonstrated ef-
fects with a similar sample size (6). An insufficient CLA dose
can likely be ruled out, as the animals utilized in this study were
fed relatively purified CLA isomers at ~1.5% of the diet or
~1,100 mg pure CLA/kg BW0.75 [based on feed intake of obese
Zucker rats at a similar stage and weight (28)]. The percentage
of CLA both in the diet and on a metabolic BW basis are higher
than typically utilized in experiments in which marked im-
provements in body composition are observed (29, 30), and this
is especially pertinent as we utilized semipurified (>70%) CLA
isomers (cis-9,trans-11 and trans-10,cis-12). 

The length of time (3 wk) that rats were treated with puri-
fied CLA isomers may not have been long enough to elicit
changes in nutrient partitioning. Previous CLA rodent trials
generally supplied dietary CLA for 4–5 wk or longer (6,18).
Rats used in this study were at the approximate age (9 wk)
when obese Zucker rats are typically depositing a large amount
of adipose tissue (28) via hepatic-derived preformed FA (31).
There are many reports that suggest that one mechanism by
which CLA, and specifically the trans-10,cis-12 isomer, re-
duces adiposity is via reducing lipoprotein lipase expression
and activity (32,33), thus reducing cellular FA uptake. There-
fore, because these obese Zucker rats were depositing large
amounts of adipose tissue at the time of CLA treatment, it is
likely that 3 wk should have been adequate to detect differences
in body fatness.

A more likely explanation for the lack of an effect of CLA
on body fat content in this study is species or genotypic vari-
ation. For example, CLA appears to be more effective in mice
than in rats (6,7,18). Furthermore, CLA has been less effec-
tive or ineffective at decreasing the fat content of Sprague-
Dawley rats [generally a lean rodent model (18)], fish (34),
genetically lean pigs (19,35), and humans (36,37). In fact,
even in the same species there are large differences in CLA
effect on lipid metabolism as CLA decreased the adiposity of
lean Zucker rats but actually increased fat pad weights in the
obese Zucker rats (20). Similar inconsistencies have been
demonstrated in different strains of mice (38). The mecha-
nism by which these species differences exist is not clear, but
the rate of intracellular adipocyte TG turnover (26) and basal
metabolic rate (30) have been identified as probable causes.  

Neither the CLA mixture nor specific isomers changed the
carcass percentage of protein or ash (Table 2). Dietary CLA
has been demonstrated to modestly increase carcass protein
percentage in a number of rodent models (6,26,39), although
there appears to be little or no effect of CLA on yield or
amount of carcass protein in these rodent trials.

A more consistent observation made in CLA-treated ani-
mals is the increase in carcass moisture, and this was con-
firmed in the current study (Table 2). Obese Zucker rats
treated with the CLA mixture and trans-10,cis-12 CLA had
enhanced carcass water compared with controls and cis-9,trans-
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TABLE 4 
Carcass FA Profile of Obese Zucker Rats Treated with Isomers of CLA

Treatmenta

FA Control CLA mixb c9,t11 CLA t10,c12 CLA SEM P

g/100 g FA
12:0 0.29 0.28 0.23 0.38 0.08 0.58
14:0 1.80a 1.71a 2.08b 2.07b 0.07 <0.01
14:1 0.14 0.13 0.15 0.13 0.01 0.37
16:0 29.95a 25.27b 30.66a 31.19a 1.06 <0.01
16:1 6.68 6.61 7.34 6.53 0.23 0.19
18:0 4.81a 3.96b 4.70b 5.18a 0.18 <0.01
18:1c9 33.39 32.14 34.39 31.95 0.79 0.21
18:1c11 2.29 2.27 2.29 2.30 0.09 0.99
18:2c9,c12 15.56a,b 18.99a 11.66b 12.81b 1.39 0.01
18:2c9,t11 0.16a 2.15b 1.96b 0.46a 0.24 <0.01
18:2t10,c12 0.14a 1.35b 0.49a 1.37b 0.26 0.02
18:3 0.93a 1.52b 1.07a,b 0.97a 0.14 0.03
20:0 0.10 0.13 0.20 0.24 0.09 0.66
20:1n-9 0.34 0.37 0.55 0.36 0.05 0.16
20:2n-6 0.23 0.32 0.29 0.21 0.06 0.49
20:4n-6 0.60a,b 0.82a 0.66a,b 0.42b 0.09 0.04
Unknown 2.73 1.98 1.27 3.62 1.13 0.53

Totals
Saturated 36.92a 31.35b 37.87a 38.96a 1.30 <0.01
MUFAc 42.84 41.52 44.72 41.27 1.03 0.19
PUFA 20.23a 27.13b 17.41a 19.77a 1.79 <0.01

16:1/16:0 0.22b 0.26a 0.24a,b 0.21b 0.01 0.04
18:1/18:0 6.98a 8.12b 7.33a,b 6.22a 0.36 0.01
aRows with different roman superscripts indicate difference, P < 0.05.
bContains 50:50 trans-10,cis-12 and cis-9,trans-11 CLA.
cMonounsaturated FA.



11 CLA-supplemented animals, respectively (Table 2). The
increase in carcass water content is in agreement with other
rodent trials (6,40) and finishing pig experiments (8,41). It is
unknown why CLA, specifically the trans-10,cis-12 isomer,
increases carcass moisture. A large portion of body fluid is
associated with lean tissue, which is composed of water and
protein, and CLA has been demonstrated to increase water ac-
cretion rates while having very little effect on protein deposi-
tion in pigs (8,42). It is possible, because water represents
such a large proportion of muscle (>70%), that minor in-
creases in muscle synthesis would be more easily detected in
water content changes rather than protein. This may explain
the enhanced carcass water content in the CLA mixture and
trans-10,cis-12-treated Zucker rats without an effect on
whole-body protein levels (Table 2).

There was no effect of either CLA isomer on heart or kid-
ney weight (Table 3), which is in agreement with other rodent
models (7,40,43). Likewise there was no effect of CLA on
liver wet weight (g or percentage of BW), which is consistent
with previous studies using rat models (18,39,44). However,
this is in contrast to several studies using mice and hamster
models that indicate CLA, and specifically trans-10,cis-12,
induces marked hepatomegaly (7,30,45). CLA effect on he-
patic lipid metabolism is clearly species dependent, as dietary

CLA actually decreased liver weight in the obese and lean
Zucker rats (20) and fish (34). Although actual liver weight
did not differ between treatments, hepatic lipid content in-
creased (31% compared to controls) in obese Zucker rats sup-
plemented with trans-10,cis-12 CLA (Table 3). The increase
in hepatic steatosis without an increase in liver weight agrees
with another study using a rat model (46), and the increased
liver lipid content agrees with other rodent (mainly mice) tri-
als (5,38,43,47). The mechanism by which trans-10,cis-12
CLA mediates hepatocyte lipid filling is not clear, but reduced
VLDL export via decreasing apoprotein B secretion has been
demonstrated (48). In addition, the CLA-induced increase in
plasma insulin that is sometimes observed (2) is thought to
increase hepatic fat synthesis via up-regulating FA synthetase
and acetyl CoA carboxylase, resulting in liver fat accumula-
tion (38) Our results do not support this hypothesis, as the
trans-10,cis-12 CLA-treated animals had reduced insulin lev-
els (14) but had enhanced liver lipid content (Table 3), thus
suggesting the increase in hepatic fat content is insulin-inde-
pendent. Furthermore, contrary to previous suggestions (38,49),
enhanced liver lipid is not necessarily adverse, as there are
some physiological circumstances that will naturally cause fatty
liver (i.e., liver regeneration) and not impair hepat-ocyte func-
tion (50). To our knowledge, there is no evidence suggesting
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TABLE 5 
Liver FA Profile of Obese Zucker Rats Treated with Isomers of CLA

Treatmenta

FA Control CLA mixb c9,t11 CLA t10,c12 CLA SEM P

g/100 g FA
14:0 0.32 0.50 0.41 0.41 0.04 0.09
15:0 0.08 0.10 0.08 0.09 0.01 0.32
16:0 17.72a 18.54a,b 19.76b 20.16b 0.62 0.04
16:1 1.74 2.12 2.08 1.90 0.18 0.46
17:0 0.28 0.27 0.26 0.24 0.02 0.40
18:0 23.52 21.93 22.62 21.55 1.04 0.56
18:1c9 13.33 12.49 13.47 13.47 0.70 0.75
18:1c11 1.70 1.76 1.69 1.71 0.03 0.56
18:2c9,c12 9.62 10.39 8.49 10.53 0.58 0.08
18:2c9,t11 0.05a 1.06b 1.11b 0.37c 0.09 <0.01
18:2t10,c12 0.05a,b 0.57b 0.16a 1.06c 0.14 <0.01
18:3 0.27 0.39 0.31 0.48 0.06 0.07
20:0 0.26 0.19 0.18 0.17 0.03 0.17
20:1n-9 0.12 0.11 0.11 0.12 0.16 0.87
20:2n-6 0.21b,c 0.25a 0.19c 0.22b 0.01 <0.01
20:4n-6 19.61a 17.09b 17.36b 15.87b 0.70 0.01
22:0 0.72a 0.67a 0.66a 0.51b 0.04 0.01
22:5n-3 0.77a 1.21b 1.01c 1.00c 0.05 <0.01
22:6n-3 7.00 7.45 7.22 7.06 0.37 0.84
Unknown 2.70 2.91 2.82 3.08 0.15 0.36

Totals
Saturated 42.89 42.19 43.98 43.13 0.59 0.26
MUFAc 16.90 16.47 17.36 17.20 0.89 0.91
PUFA 37.51 38.42 35.84 36.58 0.72 0.12

16:1/16:0 0.10 0.11 0.10 0.10 0.01 0.43
18:1/18:0 0.57 0.57 0.60 0.64 0.06 0.77
aRows with different roman superscripts indicate difference, P < 0.05.
bContains 50:50 trans-10,cis-12 and cis-9,trans-11 CLA.
cMonounsaturated FA.



CLA or CLA-induced liver steatosis is cytotoxic to healthy
hepatocytes.

As anticipated, the incorporation of specific CLA isomers
into whole carcass lipids (Table 4) and total liver lipids (Table
5) reflected the CLA profile of specific treatments. The increase
in liver and carcass cis-9,trans-11 and trans-10,cis-12 content
in the CLA-treated groups corresponds to the proportionate im-
purities of the CLA supplements. In addition to the increase in
respective CLA isomers, both CLA isomers and the CLA mix-
ture decreased the content of hepatic arachidonic acid (Table
5). This is not surprising, as both cis-9,trans-11 and trans-
10,cis-12 CLA have been shown to decrease ∆5-desaturase (51)
and ∆6-desaturase (the rate-limiting step of arachidonic acid
synthesis) systems (52), and CLA is thought to displace arachi-
donic acid in phospholipids (2). A decrease in arachidonic acid
and thus arachidonate-derived eicosanoids (prostaglandins E2
and F2α etc.) has been suggested to be a mediator of many, if
not most, of CLA’ s biological effects (2,27). 

In addition, although hepatic nonesterified FA (NEFA) up-
take is proportionate to plasma NEFA levels (53), trans-
10,cis-12 CLA enhanced liver lipid content (Table 3), even
though plasma NEFA concentrations were actually decreased
by this specific CLA isomer (14).  

In conclusion, although dietary trans-10,cis-12 CLA im-
proves defective glucose homeostatic parameters in the obese
Zucker rat, neither this specific isomer nor cis-9,trans-11
CLA altered whole body composition. This suggests that the
mechanism by which CLA alleviates insulin resistance is in-
dependent of changes in body protein and lipid content.
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ABSTRACT: The health benefits of long-chain n-3 PUFA
(20:5n-3 and 22:6n-3) depend on the extent of incorporation of
these FA into plasma and tissue lipids. This study aimed to inves-
tigate the effect of the background dietary fat (saturated, mono-
unsaturated, or n-6 polyunsaturated) on the quantitative incor-
poration of dietary 18:3n-3 and its elongated and desaturated
products into the plasma and the liver lipids of rats. Female
weanling Wistar rats (n = 54) were randomly assigned to six diet
groups (n = 9). The fat added to the semipurified diets was tal-
low (SFA), tallow plus linseed oil (SFA-LNA), sunola oil (MUFA),
sunola oil plus linseed oil (MUFA-LNA), sunflower oil (PUFA),
or sunflower oil plus linseed oil (PUFA-LNA). At the completion
of the 4-wk feeding period, quantitative FA analysis of the liver
and plasma was undertaken by GC. The inclusion of linseed oil
in the rat diets increased the level of 18:3n-3, 20:5n-3, and, to
a smaller degree, 22:6n-3 in plasma and liver lipids regardless
of the background dietary fat. The extent of incorporation of
18:3n-3, 20:5n-3, and 22:5n-3 followed the order SFA-LNA >
MUFA-LNA > PUFA-LNA. Levels of 22:6n-3 were increased to
a similar extent regardless of the type of major fat in the rat diets.
This indicates that the background diet affects the incorporation
in liver and plasma FA pools of the n-3 PUFA with the excep-
tion of 22:6n-3 and therefore the background diet has the po-
tential to influence the already established health benefits of
long-chain n-3 fatty acids.

Paper no. L9458 in Lipids 39, 545–551 (June 2004).

Dietary intake of long-chain n-3 FA (EPA, 20:5n-3; and
DHA, 22:6n-3) has been shown to affect the progression of
chronic diseases such as coronary heart disease and athero-
sclerosis, hypertension, mature-onset diabetes, and inflamma-
tory and autoimmune diseases such as rheumatoid arthritis
and psoriasis (1). This impact occurs largely through the role
of n-3 PUFA in eicosanoid and cytokine production, gene ex-
pression, and cell membrane stability. This is accompanied
by effects on TAG and cholesterol fractions, on aggregation
and thrombotic events, and on inflammation (1–3). Several
reports have indicated that n-3 PUFA reduce plasma TAG,
with more equivocal effects on total cholesterol and the LDL
and HDL cholesterol fractions (3). These effects of n-3 PUFA

are dose dependent and relate to the extent of incorporation
into plasma and tissue lipids. Vegetarians depend largely on
plant sources of n-3 PUFA (α-linolenic acid, LNA; 18:3n-3),
which is then desaturated and chain-elongated to 20:5n-3 and
22:6n-3 in the human body. It has been demonstrated that hu-
mans, unlike rats, have a limited capacity to convert linoleic
acid (LA; 18:2n-6) and 18:3n-3 to the longer, desaturated 20-
and 22-carbon chains (4); therefore, dietary 18:3n-3 is thought
to have limited health benefits. n-3 PUFA make up only a
small proportion of the total fat intake, and therefore it is likely
that the background dietary fat composition influences the me-
tabolism of 18:3n-3 in humans, thus masking any potential
health effects.

The typical Western diet has adequate n-6 PUFA in the
form of vegetable oils (sunflower, safflower, corn, and cot-
tonseed oil) but a limited intake of the n-3 PUFA (flaxseed,
canola, or soybean oils) (5,6). The effect of n-3 FA on chronic
disease may be obscured by the concomitant intake of other
types of dietary fats (6). It is recognized that there is competi-
tion between n-6 and n-3 PUFA for elongation and desatura-
tion; this competition for the ∆-6 desaturase enzyme affects
the incorporation of longer-chain n-3 PUFA metabolites in
tissue, which will affect the impact of these FA on chronic
disease (6). Intake of the n-6 PUFA promotes the role of
arachidonic acid (20:4n-6) as a precursor for the 2-series
prostanoids and the 4-series leukotrienes in eicosanoid me-
tabolism. This creates a proinflammatory, proaggregatory en-
vironment, which may affect the development or progression
of chronic disease states. Intake from the n-3 PUFA (from lin-
seed oil or the long-chain desaturated products found in ma-
rine oils) partially replaces the 20:4n-6 in eicosanoid metabo-
lism, favoring the less inflammatory and aggregatory 3-series
prostanoids and 5-series leukotrienes (6). This competition
between n-6 and n-3 PUFA extends to the preferential incor-
poration of n-3 PUFA into the sn-2 position of phospholipids
by the acyltransferases, and possibly there is also competition
for absorption in the small bowel (7). Competition between
n-6 and n-3 PUFA may be clinically important and may af-
fect the development or progression of disease (5).

This study aimed to examine for the first time the effect of
background diet fat (saturated, monounsaturated, or n-6
polyunsaturated) on the quantitative incorporation of n-3
PUFA into the plasma and the liver lipids of rats. The results
presented suggest that background dietary fat influences the
degree of incorporation of 18:3n-3 and its longer-chain
metabolites, 20:5n-3 and 22:5n-3, but not that of 22:6n-3; the
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clinical studies involving 18:3n-3 merit revisiting to evaluate
health effects with special considerations given to the back-
ground diet fat.

MATERIALS AND METHODS

Study design. Fifty-four female weanling Wistar rats (Animal
Resource Centre, Murdoch, WA, Australia) weighing between
69 and 119 g (99 ± 1.6) (mean ± SEM) were randomly as-
signed to six diet groups of nine rats in each group. The diets
consisted of commercially supplied, semipurified, nutrition-
ally adequate diets (Glen Forrest Stockfeeders, Perth, WA,
Australia) with 20% (w/w) added fat. The powdered food con-
tained sucrose (44 g/100 g), maize starch (18 g/100 g), cellu-
lose (7 g/100 g), casein (25 g/100 g), methionine (0.38 g/100
g), AIN 93G mineral mix (4.2 g/100 g), and AIN 93G vitamin
mix (1.2 g/100 g). The added fat was saturated (tallow) or
monounsaturated (sunola oil; Meadow Lea Foods, Port Mel-
bourne, Australia) or n-6 polyunsaturated (sunflower oil:
Meadow Lea Foods) as the background diets and flaxseed oil
as the source of n-3 FA. To the powdered diet (800 g), six dif-
ferent fat types were added: 180 g tallow and 20 g sunflower
oil (SFA); 200 g sunola oil (MUFA); 200 g sunflower oil
(PUFA): These were the control diets. Tallow 135 g, sunflower
oil 15 g, and flaxseed oil 50 g (SFA-LNA); sunola oil 150 g
and flaxseed oil 50 g (MUFA-LNA); and sunflower oil 150 g
and flaxseed oil 50 g (PUFA-LNA) were added to the semi-
synthetic diets to provide n-3 PUFA-enriched diets. Details of
the proportion and type of fat in the diets are available in Table
1. Vitamin E levels were standardized with the addition of α-
tocopherol acetate (to 55 mg α-tocopherol equivalents/200 g oil),
to account for variation in the vitamin E level in different oils. 

The rats were individually caged in polycarbonate cages
with high-topped wire lids and housed in a temperature-con-
trolled facility with alternating 12-h light/dark cycles. The
rats were fed the diets ad libitum, and any uneaten food was
collected and weighed daily. After 4 wk these animals were
anesthetized with isoflurane (Veterinary Medical Supplies,
Newcastle, New South Wales, Australia), a heart puncture
was performed for the purpose of collecting the blood sam-
ple, and the animals were then euthanized with CO2. This
study was approved by The University of Newcastle’s Ani-
mal Care and Ethics Committee.

FA analysis. After sacrifice, whole blood was collected
into EDTA tubes pretreated with reduced glutathione. The
sample was centrifuged at 3000 × g at 4°C for 10 min, and the
plasma and erythrocyte fractions were stored separately in a
−70°C freezer. Analysis of the sample occurred within 6 mon
of collection.

(i) Tissue preparation. A known weight of liver tissue was
diced and suspended in 15 mL of Folch solution (2:1 chloro-
form/methanol) as outlined in the method by Folch et al. (8).
Briefly, the tissue was mixed with the solution for more than
24 h, and then filtered through Whatman Grade 1 filter paper
(W&R Balston Ltd., Maidstone, England). The chloroform
fraction containing the FA was then separated from the
methanol by the addition of sodium chloride solution (0.29%
NaCl solution) and collected for FA analysis. The chloroform
was evaporated under N2, and lipids were stored at −80°C
until further analysis.

(ii) FA determination. Liver and plasma total FA were de-
termined by the method of Lepage and Roy (9). One milliliter
of the suspended tissue (described above) or 200 µL of
plasma sample was added to a methanol/toluene (4:1 vol/vol)
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TABLE 1
Fat Content and FA Compositiona of the Experimental Diets (%w/w) 

Diet

Oil SFA SFA-LNA MUFA MUFA-LNA PUFA PUFA-LNA

g/kg diet
Tallow 180 135
Sunflower 20 15 200 150
Sunola 200 150
Flaxseed 50 50 50

FA

%w/w
14:0 3.1 2.6 0.1 0.1 0.1 0.1
16:0 25.5 21.9 4.2 4.7 6.2 6.1
16:1n-7 2.1 1.8 0.1
18:0 21.9 19.0 4.9 4.9 5.8 5.6
18:1n-9 34.4 31.0 74.4 60.1 21.6 20.2
18:1n-7 3.0 2.8 1.4 1.4 0.9 1.0
18:2n-6 8.5 5.8 11.8 12.7 63.4 51.6
18:3n-6 0.2
18:3n-3 0.8 14.2 0.4 14.1 0.1 14.2
20:0 0.3 0.2 0.4 0.3 0.3 0.3
20:1n-9 0.3 0.3 0.3 0.3 0.2 0.2
22:0 1.1 0.9 0.9 0.7
24:0 0.9 0.5 0.5

aSFA, saturated FA (tallow); LNA, α-linolenic acid; MUFA, monounsaturated FA.



mixture containing 21:0 as an internal standard (0.02 mg/mL)
and BHT (0.12 g/L). The FA were methylated by the drop-
wise addition of 200 µL of acetyl chloride while vortexing,
followed by incubation at 100°C for 1 h. Potassium carbon-
ate (6% K2CO3) was added to halt the reaction, and the mix-
ture was centrifuged at 3000 × g at 4°C for 10 min to facili-
tate the separation of layers; the upper toluene phase
containing the FAME was collected and stored in a −20°C
freezer for subsequent analysis. FAME in the toluene phase
were analyzed by GC using a 30 m × 0.25 mm (DB-225)
fused carbon-silica column, coated with cyanopropylphenyl
as previously described (10). The injector and detector port
temperatures were 250°C. The oven temperature began at
170°C for 2 min, then increased 10°C/min to 220°C; this tem-
perature was maintained throughout the run time of 30 min.
The sample FA peaks were identified by comparison with a
mixture of authentic standards. The addition of the internal
standard 21:0 in a known level enabled the quantification of
FA in µg/mL amounts.

(iii) Determination of unsaturated index. The unsaturated
index (or double-bond index) was calculated by multiplying
the amount (µg/mL) of unsaturated FA by the number of dou-
ble bonds in the FA; the values were then summed to provide
a number that represented the FA unsaturated index (11).

Statistical analysis. Data were analyzed using Minitab ver-
sion 12 for Windows (Minitab Inc., State College, PA). Nor-
mally distributed data are presented as mean ± SEM. Data
were tested for normality by using the Anderson–Darling nor-
mality test and for homogeneity of variance. If normally dis-
tributed or homogeneous, statistical comparisons were per-
formed using ANOVA with a significance level of 0.05. If a
nonparametric comparison was needed, data were expressed
as median (interquartile range), statistical comparisons were
performed using the Kruskal–Wallace single-factor analysis
by ranks, and then a Tukey multiple comparison test, the non-
parametric version, was carried out. The data are valid only
for equal replicates in each treatment with no tied ranks
(12,13); differences were considered significant when P <
0.05.

RESULTS

The lipid and FA contents of the diets are presented in Table
1. The SFA diet was made up predominantly of saturated FA
for which the sum of myristic (14:0), palmitic (16:0), and

stearic acids (18:0) totaled greater than 50% of the FA pres-
ent (50.5%) with sufficient 18:2n-6 (8.5%) to prevent EFA
deficiency. The MUFA diet had the largest amount of 18:1n-9
(74.4%), with an adequate amount of 18:2n-6 (11.8%). The
PUFA diet had the highest amount of 18:2n-6 (63.4%). The
addition of flaxseed oil to the diets increased the proportion
of 18:3n-3 from 0.8, 0.4, and 0.1% (SFA, MUFA, and PUFA
diets, respectively) to 14.2, 14.1, and 14.2% (SFA-LNA,
MUFA-LNA, and PUFA-LNA diets, respectively) (Table 1).
The average weight gain for the rats in each of the diet groups
did not differ significantly (P = 0.53). There was also no dif-
ference in the average liver weights (P = 0.82) and liver
weight/body weight ratio between the diet groups (P = 0.5),
despite there being significantly less of the SFA diet con-
sumed compared with the PUFA-LNA and the MUFA-LNA
diets (P < 0.04) (Table 2).

The quantitative analysis of the plasma FA is presented in
Table 3. The MUFA group and the MUFA-LNA group had
the highest level of plasma 18:1n-9 (P < 0.001) in compari-
son with the PUFA groups. The PUFA and the PUFA-LNA
groups had the highest level of plasma 18:2n-6. There were
equivalent amounts of 20:4n-6 and 20:5n-3 in the SFA,
MUFA, and PUFA groups. The addition of flaxseed oil to the
background diets uniformly increased the level of plasma
18:3n-3 (1.2 ± 0.1 to 16.75 ± 1.1 µg/mL in SFA groups; trace
amounts to 13.7 ± 1.3 µg/mL in MUFA groups; trace amounts
to 12.7 ± 1.2 µg/mL in PUFA groups) and increased the level
of 20:5n-3 (6.4 ± 0.4 to 122.5 ± 12.4 µg/mL in the SFA
groups, P < 0.001; 6.0 ± 0.1 to 82.5 ± 9.7 µg/mL in the MUFA
groups, P < 0.001; and 6.1 ± 0.3 to 18.3 ± 2.3 µg/mL in the
PUFA groups, P < 0.001). There was a concomitant decrease
in the 20:4n-6 levels [291.6 ± 24.3 to 118.6 ± 4.5 µg/mL in
the SFA group, P < 0.001; 282.1 ± 15.4 to 182.1 ± 10.2
µg/mL in the MUFA group, P < 0.001; 335.5 ± 24.4 to 308.1
± 23.4 µg/mL in the PUFA group (not significant)]. The addi-
tion of 18:3n-3 to the diets also brought about a significant
but similar increase in 22:6n-3, regardless of the background
dietary fat (Table 3). 

The liver FA analysis is presented in Table 4. The MUFA
group had levels of 18:1n-9 similar to those of the SFA group,
but higher levels of 18:1n-9 than the PUFA group (P < 0.001).
The PUFA group and the PUFA-LNA group had the highest
levels of 18:2n-6 (P < 0.001), and the PUFA group had the
highest level of 20:4n-6 (P < 0.001). The addition of flaxseed
oil to these background diets increased the level of 18:3n-3 in
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TABLE 2
Dietary Consumption, Growth, Body and Liver Weight Measurements for All Experimental Diet Groupsa,b

Diet group

Parameter SFA SFA-LNA MUFA MUFA-LNA PUFA PUFA-LNA P value

Diet consumption (g/d) 15.7 ± 0.4a 16.8 ± 1.1a,b 18.2 ± 0.6a,b 20.0 ± 1.0b 18.9 ± 0.9a,b 19.8 ± 0.9b <0.005
Weight gain (g/4 wk) 118 ± 12 104 ± 5 101 ± 5 114 ± 7 107 ± 5 110 ± 5
Liver weight (g) 7.7 ± 0.4 7.7 ± 0.3 7.2 ± 0.3 8.0 ± 0.6 7.8 ± 0.4 8.0 ± 0.4
Liver/body weight ratio 15.3 ± 1.2 13.5 ± 0.3 14.2 ± 0.4 14.5 ± 0.7 13.7 ± 0.6 13.8 ± 0.3
aValues are presented as mean ± SEM, n = 9.
bValues without a common superscript in a row are significantly different. For abbreviations see Table 1.
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TABLE 4
Liver FA Compositiona for All Experimental Diets (µg/g tissue)

Diet (µg/g tissue)

FA SFA SFA-LNA MUFA MUFA-LNA PUFA PUFA-LNA P value

14:0 351 ± 42a 204 ± 21b 182 ± 26b 135 ± 12b 135 ± 17b 118 ± 16b <0.001
16:0 10,631 ± 681a 8,282 ± 654a,b 7,551 ± 806b 6,869 ± 672b 7,085 ± 820b 6,627 ± 604b <0.005
16:1n-7 878 ± 74a 529 ± 55b 388 ± 76b 368 ± 33b 244 ± 30b 285 ± 38b <0.001
18:0 7,740 ± 384 7,209 ± 326 7,611 ± 312 7,331 ± 393 7,633 ± 304 7,433 ± 248
18:1n-9 16,047 ± 1,460a 10,580 ± 1,078a 15,563 ± 1,953a 11,151 ± 1,271a 4,464 ± 544b 4,181 ± 518b <0.001
18:1n-7 1,814 ± 132a 1,172 ± 91b 1,133 ± 85b 840 ± 46b,c 784 ± 52b,c 696 ± 55c <0.001
18:2n-6 4,841 ± 250a 4,054 ± 272a 3,086 ± 327a 4,337 ± 464a 10,809 ± 1,623b 9,706 ± 1,257b <0.001
18:3n-6 221 ± 15a 92 ± 5a 175 ± 16a 103 ± 10a 503 ± 67b 208 ± 21a <0.001
18:3n-3 115 ± 7a 2,498 ± 280b 71 ± 9a 1,413 ± 231c 58 ± 10a 1,343 ± 219c,b <0.001
20:0 26 ± 2a,b 21 ± 1a 27 ± 1a,b 23 ± 2a 29 ± 1b 24 ± 1a,b <0.005
20:1n-9 74 ± 8a 60 ± 7b 98 ± 6a 62 ± 4a,b 38 ± 4c 34 ± 4c <0.001
20:2n-6 164 ± 9a 66 ± 11b 141 ± 9a 48 ± 7c 178 ± 13a 115 ± 11a <0.001
20:3n-6 205 ± 16a,b 245 ± 12a 162 ± 17b 250 ± 12a 253 ± 28a 221 ± 17a,b <0.01
20:4n-6 6,526 ± 309a 3,219 ± 165b 7,051 ± 287a 4,307 ± 308c 8,424 ± 488d 6,154 ± 157a,d <0.001
20:5n-3 112 ± 7a 4,298 ± 356b 57 ± 9a 2,348 ± 124c 49 ± 8a 788 ± 101d <0.001
22:0 94 ± 8a 52 ± 5b 98 ± 10a 68 ± 6a,b 93 ± 8a 78 ± 6a,b <0.005
22:2n-6 23 ± 4 16 ± 2 21 ± 2 ND ND 16 ± 1
22:5n-3 135 ± 6a 983 ± 102b 75 ± 5c 591 ± 57b 69 ± 7c 497 ± 50b <0.001
22:6n-3 1,042 ± 56a 1,702 ± 138b 949 ± 46a 1,515 ± 112b 497 ± 35c 1,564 ± 76b <0.001

Total FA 51,791 ± 2,887 45,640 ± 3,066 45,375 ± 3,698 42,205 ± 3,457 43,041 ± 3,844 40,553 ± 3,079

∑SFA 19,141 ± 917a 15,993 ± 924a,b 15,793 ± 1,097a,b 14,765 ± 1,016b 15,339 ± 1,047a,b 14,674 ± 704b <0.05
∑MUFA 18,938 ± 1,657a 12,425 ± 1,212a,c 17,277 ± 2,090a,c 12,509 ± 1,347c 5,577 ± 623b 5,255 ± 605b <0.001
∑n-6 PUFA 11,979 ± 444a 7,688 ± 401b 10,632 ± 593a 9,049 ± 760a,b 20,176 ± 2,165c 16,414 ± 1,402a,c <0.001
∑n-3 PUFA 1,734 ± 94a 9,534 ± 781b 1,672 ± 79a 5,883 ± 481c 1,949 ± 111a 4,210 ± 405c <0.001
Unsaturated index 65,197 ± 2,867 78,845 ± 5,298 61,181 ± 3,810 67,643 ± 5,288 71,074 ± 6,174 70,712 ± 5,286
aValues are reported as average ± SEM; values without common superscripts in a row are significantly different. For abbreviations see Tables 1 and 3.

TABLE 3
Plasma FA Compositiona for All Experimental Diets (µg/mL)

Diet (µg/mL)

FA SFA SFA-LNA MUFA MUFA-LNA PUFA PUFA-LNA P value

14:0 4.8 ± 0.4a 3.5 ± 0.2a,b 2.9 ± 0.2b 3.0 ± 0.1b 2.8 ± 0.1b 3.2 ± 0.2b <0.001
16:0 129.7 ± 8.2a 106.1 ± 4.5a,b 95.5 ± 4.0b 111.0 ± 5.5a,b 110.9 ± 6.9a,b 122.2 ± 7.4a <0.05
16:1n-7 10.0 ± 0.7a 7.4 ± 0.5b 4.7 ± 0.5c 6.1 ± 0.5b,c 4.3 ± 0.4c 6.1 ± 0.6b,c <0.001
18:0 215.6 ± 15.1 170.8 ± 9.2 186.5 ± 6.9 194.2 ± 12.1 204.6 ± 15.3 209.3 ± 13.6
18:1n-9 175.3 ± 16.4a 137.1 ± 10.3a 146.6 ± 4.7a 146.6 ± 9.9a 77.3 ± 9.4b 75.8 ± 5.0b <0.001
18:1n-7 19.3 ± 1.7a 12.5 ± 0.8b 12.0 ± 0.5b 11.6 ± 0.8b 10.5 ± 0.8b 10.8 ± 0.7b <0.001
18:2n-6 95.9 ± 8.1a 92.5 ± 5.5a 56.5 ± 2.7b 98.5 ± 5.1a 143.8 ± 10.6c 154.5 ± 10.9c <0.001
18:3n-6 2.7 ± 0.2a 1.3 ± 0.1b 2.1 ± 0.1a 1.8 ± 0.2a,b 5.2 ± 0.5c 2.9 ± 0.3a <0.001
18:3n-3 1.2 ± 0.1 16.75 ± 1.1 ND 13.7 ± 1.3 ND 12.7 ± 1.2
20:0 1.8 ± 0.1 1.5 ± 0.1 1.5 ± 0.03 1.5 ± 0.03 1.6 ± 0.1 1.5 ± 0.1
20:2n-6 2.7 ± 2.2a 1.3 ± 0.1b 2.2 ± 0.1a ND 1.9 ± 0.2b 1.6 ± 0.1b <0.001
20:3n-6 4.4 ± 0.5a,b 5.1 ± 0.4a 2.5 ± 0.2b 5.7 ± 0.8a 3.3 ± 0.5a,b 4.0 ± 0.4a,b <0.005
20:4n-6 291.6 ± 24.3a 118.6 ± 4.5b 282.1 ± 15.4a 182.1 ± 10.2b 335.5 ± 24.4a 308.1 ± 23.4a <0.001
20:5n-3 6.4 ± 0.4a 122.5 ± 12.4b 6.0 ± 0.1a 82.5 ± 9.7c 6.1 ± 0.3a 18.3 ± 2.3a <0.001
22:0 5.7 ± 0.3a 6.1 ± 0.3a 7.8 ± 0.4b 7.9 ± 0.2b 8.0 ± 0.5b 8.0 ± 0.4b <0.001
22:5n-3 2.2 ± 0.2a 11.7 ± 0.6b 2.3 ± 0.2a 8.6 ± 0.8c ND 7.4 ± 0.5c <0.001
22:6n-3 15.5 ± 1.3a 22.21 ± 1.4b 15.1 ± 1.2a 23.3 ± 1.7b 8.5 ± 0.5c 26.6 ± 2.0b <0.001

Total FA 1,011.8 ± 71.1 859.7 ± 46.1 862.4 ± 31.7 930.6 ± 54.5 973.2 ± 71.1 1,006.2 ± 63.7

∑SFA 371.9 ± 24.5 304.0 ± 14.2 314.2 ± 10.6 339.9 ± 17.7 351.2 ± 23.1 370.7 ± 21.8
∑MUFA 212.2 ± 18.0a 164.2 ± 11.3a 172.7 ± 5.8a 174.3 ± 11.3a 96.9 ± 10.4b 100.0 ± 5.8b <0.001
∑n-6 PUFA 397.1 ± 31.4a 218.4 ± 9.6b 345.5 ± 16.4a 288.4 ± 15.3b 489.7 ± 36.0c 470.5 ± 33.6c <0.001
∑n-3 PUFA 30.5 ± 2.3a 173.2 ± 14.3b 30.0 ± 2.1a 128.1 ± 12.9c 35.4 ± 4.0a 64.9 ± 4.6a <0.001
Unsaturated index 1,752.1 ± 135.5 1,698.9 ± 104.3 1,582.3 ± 74.9 1,758.9 ± 119.8 1,900.6 ± 140.9 1,990.0 ± 139.8
aND = not detected. Values are reported as average ± SEM; n = 9. Values without a common superscript in a row are significantly different. For abbrevia-
tions see Table 1.



the liver of all the diet groups (SFA groups 115 ± 7 to 2498 ±
280 µg/g; MUFA groups 71 ± 9 to 1413 ± 231 µg/g; PUFA
groups 58 ± 10 µg/g to 1343 ± 219 µg/g). The increase in
18:3n-3 resulted in an increase of 20:5n-3 (SFA groups 112 ±
7 to 4298 ± 356 µg/g; MUFA groups 57 ± 9 to 2348 ± 124
µg/g; PUFA groups 49 ± 8 to 788 ± 101 µg/g, P < 0.001) and
a concomitant decrease in 20:4n-6 (SFA groups 6526 ± 309
to 3219 ± 165 µg/g; MUFA groups 7051 ± 287 to 4307 ± 308
µg/g; PUFA groups 8424 ± 488 to 6154 ± 157 µg/g). Also,
there was a significant increase in 22:6n-3 (P < 0.001) across
all the flaxseed oil groups to a similar extent regardless of the
background dietary fat type (Table 4). 

DISCUSSION

This study aimed to investigate the effect of adding plant n-3
PUFA to a background diet of saturated, monounsaturated, or
n-6 polyunsaturated fats on the quantitative incorporation of
n-3 PUFA into plasma and liver lipid pools in rats. The type
of major dietary fat had no effect on the weight gain, liver
weight, or liver weight/body weight ratio of the animals in all
the diet groups, which is supported by the literature (14). This
indicated that all the diets were reasonably well tolerated by
the rats, although it is clear from the diet consumption data
that the SFA diet was not consumed at the same rate as some
of the other diets. The FA analysis of the plasma and liver re-
flected the dietary fat intake. The SFA group had predomi-
nantly saturated FA, the MUFA group had the highest level
of 18:1n-9, and the PUFA group had the highest level of
18:2n-6 in the plasma and liver lipids. In general, the effect
of dietary fat manipulation was to increase the n-3 PUFA and
decrease the n-6 PUFA following supplementation with LNA
in both the plasma and the liver samples. However, some dif-
ferences were noticeable; in particular, the greater accumula-
tion of 18:3n-3 in the liver following the SFA-LNA diet was
not apparent in the plasma. In plasma, 18:3n-3 contents were
increased to a similar extent regardless of the background diet.

The addition of 18:3n-3 increased the amount of n-3 PUFA
(18:3n-3, 20:5n-3, 22:5n-3, and 22:6n-3) regardless of the
background dietary fat. The concomitant reduction in 20:4n-6
content following dietary 18:3n-3 supplementation is well
documented in the scientific literature (15–17). This reduc-
tion can be attributed to the well-known competition between
18:2n-6 and 18:3n-3 at the ∆-6 desaturation step as well as to
the preferential incorporation of desaturated/elongated n-3
PUFA (20:5n-3 and 22:6n-3) into the sn-2 position of the
phospholipids (18). Limited substrate (18:2n-6) availability
for 20:4 synthesis combined with presence of the competitor
18:3n-3 resulted in the greatest reduction in 20:4n-6 levels in
the SFA-LNA when compared with the MUFA-LNA and
PUFA-LNA diet groups. Substrate level competition was also
responsible for a greater conversion of 18:3n-3 to 20:5n-3 and
22:5n-3 and their incorporation into plasma and liver lipids in
the SFA-LNA diet compared with the MUFA-LNA and
PUFA-LNA diet groups. The conversion of 18:3n-3 to 20:5n-3
and 22:5n-3 in rats and humans is well documented. Consis-

tent with the results presented, several studies have demon-
strated that some 18:3n-3 is converted to the longer-chain n-3
PUFA (20:5n-3, 22:5n-3, and 22:6n-3); the extent of this con-
version is modest and controversial. Emken et al. (18) found
a 15% conversion, whereas Pawlosky et al. (19) reported
0.2%; both reported that the conversion to 22:6n-3 was much
less than to 20:5n-3 and 22:5n-3. The extent of conversion
and incorporation of 18:3n-3 to 22:6n-3 into plasma and liver
lipids appears to be independent of the 18:2n-6/18:3n-3 ratio
and specific to the tissue type examined (20–22). Controversy
exists for conversion of 20:5n-3 to 22:6n-3, whereas evidence
is available to suggest retroconversion of 22:6n-3 to 20:5n-3.
The controversy surrounds whether 20:5n-3 is first converted
to 24:5n-3 by two successive chain elongation steps followed
by conversion to 24:6n-3 by ∆-6 desaturase and then β-oxi-
dation to 22:6n-3 or via the traditional pathway involving a
single elongation step to form 22:5n-3 followed by a ∆-4 de-
saturase step to synthesize 22:6n-3 (23). Regardless of the
pathway by which 20:5n-3 is converted into 22:6n-3, it is ap-
parent from the results that the rats do have the capacity to
synthesize 22:6n-3. It is likely that the ∆-4 and/or ∆-6 desat-
urase enzymes involved in the conversion of 20:5n-3 to
22:6n-3 are saturated by low levels of substrate (22:5n-3 or
24:5n-3); therefore, despite the large difference in the amount
of 20:5n-3 and 22:5n-3, 22:6n-3 levels are increased to a sim-
ilar degree in all the diet groups supplemented with linseed
oil. In agreement with our results, Jeffery et al. (24) demon-
strated that consumption of a diet reduced in n-6 PUFA by
substituting 16:0 for 18:2n-6 enhanced the efficacy of the n-3
PUFA to modulate lipid and inflammatory biomarkers. In the
presence of 16:0, there was an increased cholesterol-lowering
effect and decreased ex vivo proliferation of spleen lympho-
cytes; however, when 16:0 was not present (in the high n-6
PUFA diet), n-3 PUFA did not have the same efficacy. Un-
doubtedly, the incorporation of n-3 PUFA into plasma and tis-
sue pools can be improved by reducing the dietary n-6/n-3
ratio. There are three possible ways to achieve this: (i) simply
increasing n-3 PUFA consumption in the diet; (ii) keeping
SFA, MUFA, and n-3 PUFA content constant and decreasing
n-6 PUFA in the diet. However, taking a whole-diet approach
and in light of general dietary advice to decrease SFA content
in the diet, to concomitantly decrease n-6 PUFA will encour-
age a low fat intake, which has the potential to reduce the
level of circulating HDL (25,26); (iii) maintaining the level
of n-3 PUFA, decreasing total n-6 PUFA, and making up the
shortfall in dietary fat intake with MUFA and/or SFA. This
will improve the n-6/n-3 ratio without reducing the fat con-
tent in the diet and therefore avoid the detrimental effects of a
reduction in circulating HDL. Which one of the last two op-
tions is ideal to optimize n-3 PUFA incorporation in plasma
and tissue lipids without adversely affecting the plasma lipid
profile remains to be established. We have previously shown
that the lipid-lowering effects of marine n-3 PUFA were max-
imized when the 18:2n-6 to SFA ratio in the background diet
was low (27,28). Similarly, it was found that n-3 PUFA sup-
plementation had the greatest TG-lowering effect in conjunc-
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tion with a background diet of SFA (29). If this is the case,
then for the health benefits of n-3 PUFA to be maximized, the
corresponding background diet of the patient needs to be paid
special consideration.

It is not likely that n-3 PUFA, whether of plant or marine
origin, will become a major component of the human diet.
Even after making drastic alterations to the diet, the contribu-
tion by n-3 PUFA to the total FA pool is minor (30). If it is
true that health effects of n-3 PUFA are dose dependent, then
it behooves us to optimize the health effects of n-3 by ensur-
ing the maximal incorporation of this class of FA into the tis-
sue pools. This study demonstrates that one way of optimiz-
ing the n-3 PUFA incorporation into the tissue pools is in
conjunction with a background diet with a low 18:2n-6/SFA
ratio. One concern of supplementing n-3 PUFA with a high
level of saturated fat in the background diet may be the cho-
lesterol-raising effects of SFA. Whereas it is well established
that diets rich in SFA increase plasma cholesterol, the con-
comitant addition of n-3 PUFA may ameliorate this effect. In
this respect, we have previously demonstrated that a diet high
in 18:2n-6 redistributes plasma cholesterol to the liver pools
and that this redistribution is not apparent when 18:3n-3 is
present in the same diet (31). Therefore, it would appear that
addition of n-3 PUFA to a high-saturated fat diet may miti-
gate the cholesterol-raising potential of SFA. Furthermore,
the TG-lowering potential of n-3 PUFA has been shown to be
maximized when n-3 PUFA are supplemented with saturated
fat in comparison with an n-6 PUFA fat in the background
diet (29). Further studies are warranted to establish whether
diets high in saturated fat but containing adequate levels of
n-3 PUFA can ameliorate lipid buildup in the circulation.

In conclusion, in this study n-3 PUFA supplementation in
the form of 18:3n-3 is most effective in modulating the incor-
poration of n-6 and n-3 PUFA in conjunction with a back-
ground diet of predominantly SFA. In the light of these re-
sults, the health effects of dietary 18:3n-3 and marine n-3
PUFA in general on hypertension, arthritis, arteriosclerosis,
depression, and thrombosis merit reconsideration with spe-
cial emphasis on background dietary fat.
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ABSTRACT: Aging is a process that affects different organs, of
which the brain is particularly susceptible. PA and DAG are cen-
tral intermediates in the phosphoglyceride as well as in the neutral
lipid biosynthetic pathway, and they have also been implicated in
signal transduction. Phospholipase D (PLD) and phosphatidate
phosphohydrolase (PAP) are the enzymes that generate PA and
DAG. The latter can be transformed into MAG by diacylglycerol
lipase (DGL). In the present study, we examine how aging modu-
lates the PLD, PAP, and DGL isoforms in cerebellar subcellular
fractions from 4- (adult), 28-, and 33-mon-old (aged) rats. PI-4,5-
bisphosphonate (PIP2)-dependent PLD, PAP1, and DGL1 were
distributed in different percentages in all cerebellum subcellular
fractions. On the other hand, PAP2 and DGL2 activities were ob-
served in all subcellular fractions except in the cytosolic fraction.
Aging modified the enzyme distribution pattern. In addition,
aging decreased nuclear (45%), mitochondrial-synaptosomal
(55%), and cytosolic (71%) PAP1 activity and increased (28%)
microsomal PAP1 activity. DGL1 activity was decreased in nu-
clear (85%) and mitochondrial-synaptosomal (63%) fractions by
aging. On the other hand, PIP2-dependent PLD activities were in-
creased in the mitochondrial-synaptosomal fraction. PAP2 and
DGL2 were increased in the microsomal fraction by 87 and
114%, respectively, and they were decreased in the nuclear frac-
tion. The changes observed in cerebellum PAP1 and DGL1 activ-
ities from aged rats with respect to adult rats could be related to
modifications in lipid metabolism. Differential PA metabolization
during aging through PIP2-dependent PLD/PAP2/DGL2 activities
could be related to alterations in the neural signal transduction
mechanisms.

Paper no. L9467 in Lipids 39, 553–560 (June 2004).

The aging brain is characterized by a measurable decline of
physiological functions resulting from a series of causes that
remain largely unknown. One intriguing feature of the aging
process is the modification of cellular membrane properties. As
phospholipids are an integral part of membranes, they undoubt-

edly play an important role in the regulation of the cell mem-
brane function; therefore, any modification in their metabolism
and/or in the enzymatic activities metabolizing them may in-
fluence the cellular function.

The cerebellum (CRBL) in particular plays a crucial role in
the control of very rapid muscular activities; it helps plan the
motor activities and monitors and makes corrective adjust-
ments in the motor activities elicited by other parts of the brain.
Our previous studies on different brain areas from aged rats
document changes in the lipid profile and lipid metabolism in
the CRBL. Such changes consisted of (i) an increase in the total
cholesterol/phospholipid molar ratio (1), (ii) an increase in the
proportion of monounsaturated acyl chains, and (iii) a decrease
in the proportion of polyunsaturated acyl chains esterified to
phospholipids. In addition, the phospholipid FA composition is
markedly affected by aging, and serine base exchange activity
is selectively increased by aging (2).

PA and DAG are central intermediates in phosphoglyceride
and neutral lipid biosynthetic pathways, and they also have
been implicated in signal transduction (3,4). PA is generated
by a de novo pathway (5), by phosphorylation of DAG by di-
acylglycerolkinase (6), and/or by phospholipase D (PLD) action
on PC (7,8). In addition, DAG is produced by the phosphatidate
phosphohydrolase (PAP) on PA produced by PLD (9,10).

There are at least three distinct PLD isoforms in the central
nervous system, namely, an oleic acid-dependent isoform and
two PI-4,5-bisphosphate (PIP2)-dependent isoforms (PLD1
and PLD2, respectively) (11–13). However, it has been recently
reported that PLD2 is activated by oleic acid in the presence of
PIP2. These data may lead to the conclusion that oleate-acti-
vated PLD is PLD2 (14). Two types of mammalian PAP hydro-
lyze PA to yield DAG. One is the cytosolic/microsomal Mg2+-
dependent enzyme (PAP1), which is selectively inactivated by
the thioreactive N-ethylmaleimide (NEM) (15), which has not
been purified and for which the cDNA has not been cloned
(16). The other one is the Mg2+-independent, NEM-insensitive
PAP (PAP2) (15), which is mainly, although not exclusively,
located in the plasma membrane as well as in the endoplasmic
reticulum associated with PLD (17,18). Several PAP2 isoforms
have been cloned to date (19). The PAP2 family has been pro-
posed to be renamed as lipid phosphate phosphohydrolases be-
cause they hydrolyze a variety of lipid phosphates (20).

We reported that PAP1 and PAP2 hydrolyze PA in the brain
of adult rats and that their activities are significantly modified
in aged rats (21). We have also observed that the DAG produced
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by the different PAP activities were metabolized to MAG by
diacylglycerol lipases (DGL) (21). In addition, we observed
that the process of aging modified PIP2-dependent PLD, PAP2,
and DGL activities in cerebral cortical synaptosomes and that
these enzymatic activities were modulated by cytosolic factors
in senescent rat synaptosomal membranes (22).

Alterations in glycerolipid composition and modification of
glycerophospholipid-degrading enzymes have been reported in
different models of neurodegeneration (23); however, no evi-
dence has been reported about the modulation of CRBL lipid-
metabolizing enzymes nor about the modulation of enzymes
that generate lipid second messengers during aging. The aim
of the present paper was therefore to determine PLD, PAP, and
DGL activities in CRBL subcellular fractions of adult rats and
to observe whether aging modifies them.

MATERIALS AND METHODS

[2-
3
H]Glycerol (200 mCi/mmol), 1,2-dipalmitoyl-sn-glycero-

3-phospho[methyl-3H]choline (DPPC; 43 Ci/mmol), and Om-
nifluor were obtained from NEN Life Science Products Inc.
(Boston, MA). All other chemicals were of the highest purity
available. Monoclonal anti-PLD1 and anti-PAP 2b were ob-
tained from Upstate Biotechnology (Lake Placid, NY). 

Preparation of subcellular fractions. Wistar-strain rats were
kept under constant environmental conditions and fed on a stan-
dard pellet diet. Rats were killed by decapitation. The CRBL was
immediately dissected and stored at −80°C before use.

Homogenates were prepared from the CRBL of 4-mon-old
(adult) and 28- or 33-mon-old rats (aged), which were killed
by decapitation. All animal handling was performed in agree-
ment with the standards stated in the Guide to the Care and Use
of Experimental Animals published by the Canadian Council
on Animal Care. CRBL homogenates (20% wt/vol) were pre-
pared in a medium containing 0.32 M sucrose, 1 mM EDTA,
and 5 mM HEPES buffer (pH 7.4). The homogenate was cen-
trifuged at 1,300 × g for 3 min, and the supernatant was poured
into another tube. The nuclear pellet was resuspended with the
isolation medium and was subsequently spun at 1,300 × g for 3
min. The combined supernatant was subsequently centrifuged
at 17,000 × g for 10 min to obtain the crude mitochondrial pel-
let. For the purpose of washing the mitochondrial pellet, it was
resuspended with the isolation medium and centrifuged at
17,000 × g for 10 min. The combined postmitochondrial super-
natant was centrifuged at 130,000 × g for 45 min to obtain the
microsomal and cytosolic fractions.

Determination of PLD activity. For the determination of PIP2-
dependent PLD activity, PC hydrolysis was determined by using
an assay described by Brown et al. (24) with slight modifica-
tions. Briefly, 50 µL of mixed lipid vesicles (PE/ PIP2/dipalmi-
toylphosphatidylcholine, molar ratio 16:1.4:1) with choline-
methyl-3H]DPPC to yield 200,000 cpm per assay was added to
100 µL of either the membrane or the cytosolic fraction (100 µg
of protein) in a total volume of 200 µL containing 50 mM
HEPES (pH 7.5), 3 mM EGTA, 80 mM KCl, and 2.5 mM
MgCl2. The reaction was incubated at 37°C for 30 min and
stopped by the addition of 1 mL of chloroform/methanol/con-

centrated HCl (50:50:0.3, by vol) and 0.35 mL of 1 M HCl/5
mM EGTA. The aqueous phase was obtained after centrifu-
gation for 5 min at 1,300 × g, and choline was separated from
the other water-soluble products by using TLC on silica gel
G plates (Merck, Darmstadt, Germany) and a mobile phase
made of methanol/0.5% NaCl/NH3 (50:50:1, by vol) (25).
Choline was scraped off the plate and quantified by liquid
scintillation spectroscopy.

Determination of PAP activities. PAP activities were differ-
entiated on the basis of NEM-sensitivity (26,27). For the deter-
mination of NEM-insensitive PAP activity (PAP2), each assay
contained 50 mM Tris-maleate buffer, pH 6.5, 1 mM DTT, 1
mM EDTA plus 1 mM EGTA, 4.2 mM NEM, and 100 µg of
either the membrane or the cytosolic protein in a volume of
0.200 mL. The reaction was started by adding 0.6 mM of [2-
3H]phosphatidate.

NEM-sensitive PAP activity (PAP 1) was determined in an
assay containing 50 mM Tris-maleate buffer, pH 6.5, 1 mM
DTT, 1 mM EDTA and 1 mM EGTA, 0.2 mM Mg2+, and 100
µg of either the membrane or the cytosolic protein in a volume
of 0.200 mL. The reaction was started by adding 0.6 mM of [2-
3H]phosphatidate plus 0.4 mM PC. Parallel incubations were
carried out after preincubating either the membrane or the cy-
tosolic fraction with 4.2 mM NEM for 10 min. The difference
between the two types of activity was labeled as PAP1.

All the assays for the determination of PAP1 or PAP2 activ-
ities were conducted at 37°C for 30 min. The enzyme assays
were stopped by adding chloroform/methanol (2:1, vol/vol).
Blanks were prepared identically, except that either the mem-
brane or the cytosolic fraction was boiled for 5 min before
being used.

PAP activity products diacyl [2-3H]glycerol and monoacyl
[2-3H]glycerol were isolated and measured as described below.
PAP activity was expressed as the sum of nmol of (diacyl [2-3H]
glycerol and monoacyl [2-3H]glycerol) × (hour × mg protein)−1.

Determination of DGL activity. DGL activity was deter-
mined by monitoring the formation rate of MAG, using PAP1-
or PAP2-generated DAG as substrate. Standard assays con-
tained approximately 80 nM DAG, and pH conditions, protein
concentration, time, and final volume of incubation were the
same as those described for PAP assay (28).

Preparation of radioactive 1,2-diacyl-sn-glycero-3-phos-
phate. Radioactive PA was obtained from [2-3H glycerol]PC,
which was synthesized from bovine retinas incubated with [2-
3H]glycerol (200 mCi/mmol) as previously described (29).
Lipids were extracted from the tissue as described in Folch et al.
(30). [2-3H glycerol]PC was isolated by one-dimensional TLC
and eluted therefrom (31). Then [2-3H glycerol]PC was hy-
drolyzed with PLD (32), and PA, the hydrolysis product, was pu-
rified by one-dimensional TLC on silica gel H (Merck) devel-
oped with chloroform/methanol/acetic acid/acetone/water
(9:3:3:12:1.5, by vol). The substrate was eluted from silica gel
with neutral solvents to avoid the formation of lyso-PA and was
subsequently converted into free acid by washing it twice using
an upper phase containing 0.1 M sulfuric acid and then an upper
phase containing water. Radioactivity and phosphorus content
were measured to determine specific radioactivity (33).
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[2-3H]PA had a specific radioactivity of 0.1–0.2 µCi/µmol. To
determine NEM-sensitive PAP activity, the substrate was pre-
pared by sonicating 3.33 mM [2-3H]phosphatidate (0.1–0.2
µCi/µmol) and 2.22 mM 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline in 5.56 mM EGTA and 5.56 mM EDTA. For the deter-
mination of NEM-insensitive PAP activity, an identical emulsion
was prepared as indicated previously except that PC was omit-
ted (26,27).

Extraction and isolation of lipids. Lipids were extracted
with chloroform/methanol (2:1, vol/vol) and washed with a 0.2
vol of CaCl2 (0.05%) (30). Neutral lipids were separated by
gradient-thickness TLC on silica gel G (34) and developed with
hexane/diethyl ether/acetic acid (35:65:1, by vol). To separate
MAG from phospholipids, the chromatogram was rechro-
matographed up to the middle of the plate by using hexane/di-
ethyl ether/acetic acid (20:80:2.3, by vol) as developing sol-
vent. Once the chromatogram was developed, [2-3H]PA and
phospholipids were retained at the spotting site. Lipids were
visualized by exposure of the chromatograms to iodine vapors
and scraped off for counting by liquid scintillation after the
addition of 0.4 mL water and 10 mL 5% Omnifluor in toluene/
Triton X-100 (4:1, vol/vol).

Western blot analysis. Subcellular fractions were lysed with
buffer containing 1% Nonident P-40, 0.25% sodium deoxy-
cholate, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EGTA, 1 mM
NaF, 1 mM Na3VO4, 1 µg/mL aprotinin, 2 µg/mL leupeptin, 1
µg/mL pepstatin, and 0.1 mM phenylmethylsulfonylfluoride,
pH 7.5. Proteins obtained from equivalent amounts of either
adult or aged subcellular fraction lysates were resolved by
SDS-PAGE (35) using 7.5 or 10% gels. Resolved proteins were
transferred to Immobilon P membranes using a Mini Trans-
Blot cell electroblotter (Bio-Rad Life Science Group, Hercules,
CA) for 1 h. Membranes were blocked overnight with Tris-
buffered saline (20 mM Tris-HCl, 300 mM NaCl), pH 7.5, con-
taining 0.1% Tween 20 and 5% crystalline-grade BSA. Incuba-
tions with primary antisera (anti-PLD1 or anti-PAP2b) were
performed for 2–3 h at room temperature. Immunoreactions
were detected either with horseradish peroxidase conjugated to
goat anti-rabbit or goat anti-mouse IG, followed by enhanced
chemiluminescence substrates (Amersham Biosciences, Inc.,
Buenes Aires, Argentina).

Other methods. Protein and lipid phosphorus were deter-

mined according to Bradford (36) and Rouser et al. (33), re-
spectively. 

Statistical analysis. Statistical analysis was performed using
Student’s t-test, with the values representing the mean ± SD
corresponding to six individual samples per condition. Each
sample was obtained from a different adult or aged animal.

RESULTS

PAP1 and DGL1 activities in CRBL subcellular fractions from
adult (4-mon) and aged (28-mon) rats. PAP activities were dif-
ferentiated on the basis of NEM-sensitivity, since NEM inhibits
PAP1 activity but does not affect PAP2 activity. PAP1 was as-
sayed using [2-3H]PA plus DPPC. DAG produced by PAP1
were additionally metabolized to MAG by DGL. In this work,
DGL activity coupled to PAP1 was named as DGL1. A differ-
ential distribution of PAP1 and DGL1 activities was observed
in adult CRBL subcellular fractions. PAP1 activity distribution
was as follows: crude nuclear fraction (35.7%), mitochondrial-
synaptosomal fraction (MT-Syn) (33.2%), cytosolic fraction
(Cyto) (26.5%), and microsomal fraction (MS) (4.9%). DGL1
activity was highest in the nuclear fraction and MT-Syn (45%)
with a minor distribution in MS (9%) and Cyto (6%). A differ-
ent PAP1 and DGL1 distribution was observed in aged animals.
PAP1 was 39.3, 30.8, 14.4, and 15.5%, and DGL1 was 13.1,
45.6, 26.1, and 15.2% in the nuclear fraction, the MT-Syn, the
MS, and the Cyto, respectively (Table 1). 

Figure 1 shows the effect of aging on PAP1 and DGL1 ac-
tivities in the subcellular fractions of CRBL from adult and
aged rats. PAP1 was observed to decrease in the nuclear frac-
tion, the MT-Syn, and Cyto (45, 55, and 71%, respectively)
from aged rats. In contrast, microsomal PAP1 activity from
aged rats was increased by 28% with respect to the PAP1 ac-
tivity found in adult animals.

DGL1 activity from aged rats was decreased in the nuclear
fraction and the MT-Syn by 85 and 63%, respectively. Microso-
mal and cytosolic DGL1 activities were not modified by aging.

PLD isoforms in subcellular fractions of CRBL from adult
(4-mon) and aged (28-mon) rats. PLD activity was measured
by quantification of choline generation from [3H]DPPC by
adding PIP2 as cofactor (PIP2-dependent PLD) as specified in
the Materials and Methods section. The results obtained with
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TABLE 1
Percentage Distribution of PLD, PAP, and DGL Isoforms in Subcellular Fractions from Adult and Aged Cerebelluma

Nuclear fraction Mitochondrial-synaptosomal fraction Microsomal fraction Cytosolic fraction

Enzyme Adult Aged Adult Aged Adult Aged Adult Aged

PAP1 35.7 ± 0.2 39.3 ± 0.2 33.2 ± 0.1 30.8 ± 0.2 4.9 ± 0.1 14.4 ± 0.1 26.5 ± 0.1 15.5 ± 0.1
DGL1 41.2 ± 0.4 13.1 ± 0.6 45.6 ± 3.6 45.7 ± 1.1 9.1 ± 1.1 26.1 ± 0.5 6.1 ± 0.4 15.2 ± 1.8
PIP2-PLD 19.4 ± 0.2 19.6 ± 1.0 29.4 ± 2.2 36.5 ± 12.6 48.7 ± 0.7 40.4 ± 8.2 2.9 ± 0.64 3.3 ± 0.3
PAP2 34.1 ± 0.4 25.9 ± 0.4 56.5 ± 0.2 54.7 ± 0.4 9.5 ± 0.2 19.3 ± 0.3 ND ND
DGL2 33.2 ± 1.2 23.0 ± 1.3 58.2 ± 1.7 54.1 ± 1.8 8.7 ± 0.5 23.0 ± 0.6 ND ND
a100% represents the sum of each one of the enzymatic activities determined in nuclear, mitochondrial-synaptosomal, microsomal, and cytosolic
fractions. Each value is the mean ± SD, corresponding to six individual samples per condition. Each sample was obtained from a different adult or
aged animal. NEM, N-ethylmaleimide; PAP1, NEM-sensitive phosphatidate phosphohydrolase (PAP); DGL1, DAG lipase 1; PIP2, PI-4,5-bisphos-
phate; PLD, phospholipase D; PAP2, NEM-insensitive PAP; DGL2, DAG lipase 2; ND, not detected.



[3H]DPPC were confirmed by measuring the specific PLD
product, PE, using 1-stearoyl 2-[14C]arachidonoyl-sn-glyc-
ero-3-phosphocholine and ethanol as substrates. Two PIP2-
dependent PLD isoforms (PLD1 and PLD2) have been char-
acterized in the central nervous system (37). To determine
PLD1/PLD2 activities in the CRBL, we used liposomes con-
structed with PIP2/PE/DPPC (1.4:16:1, molar ratio). Under
these experimental conditions, the distribution pattern of PLD
activity in adult animals was as follows: MS (48.7%), MT-
Syn (29.4%), nuclear fraction (19.4%), and Cyto (2.9%).
Aging did not modify significantly the distribution pattern of
PIP2-dependent PLD (Table 1). Aging only modified mito-
chondrial-synaptosomal PLD activity (Fig. 2). To test
whether the aging effect observed on PLD activity was due to
an enhancement of enzyme activity or an increase in expres-
sion levels, Western blot analysis was performed with anti-

PLD1 antibody. PLD was present in the nuclear fraction, the
MT-Syn, and the MS. No differences in expression levels
were observed between adult and aged animals, except in
MT-Syn, where aged animals presented lower PLD1 expres-
sion levels with respect to adult animals. It has been reported
that PLD1 activity is barely detected in the absence of small
G proteins such as ARF (adenosine diphosphate ribosylation
factor, a member of the RAS GTPase superfamily involved
in vesicular trafficking) and RHoA (Rho, a subfamily of GTP-
ases involved in cytoskeleton regulation), whereas PLD2 has
a high basal activity (37). For this reason we can assume that,
under our experimental conditions, in the presence of PIP2
with no other activators, the principal PLD activity measured
corresponds to the PLD2 isoform.  

PAP2 and DGL2 activities in subcellular fractions of CRBL
homogenates from adult (4-mon) and aged (28-mon) rats. PAP2
activity is mainly coupled to PIP2-dependent PLD activity be-
cause the main product of the hydrolytic PLD activity, PA, is
the substrate for PAP2 to yield DAG. PAP2 activity was deter-
mined in the presence of NEM by using [3H]PA as substrate.
DGL activity was assayed using DAG, which is produced by
PAP2 activity, as substrate. The DGL activity measured under
these experimental conditions was named DGL2.
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FIG. 1. PAP1 and DGL1 activities in CRBL subcellular fractions from
adult and aged rats. PAP1 activity was determined using [2-3H]PA (0.6
mM) plus dipalmitoyl PC (0.4 mM); total activity was measured with
Mg2+ (3 mM) and NEM (4.2 mM); parallel incubations were carried out
after preincubating the membranes with 4.2 mM NEM for 10 min. The
difference between these two activities was taken as PAP1. DGL1 activ-
ity was determined using DAG generated from PAP1 as substrate. The
enzymatic activities were expressed as nmol × (h × mg protein)−1 of [2-
3H]DAG plus [2-3H]MAG and [2-3H]MAG for PAP1 and DGL1, respec-
tively. Each value is the mean ± SD corresponding to six individual sam-
ples per condition. Each sample was obtained from a different adult or
aged animal. (***P < 0.001, *P < 0.05). NEM, N-ethylmaleimide; PAP1,
NEM-sensitive phosphatidate phosphohydrolase (PAP); DGL1, DAG li-
pase 1; CRBL, cerebellum; CN, nuclear fraction; MT-Syn, mitochon-
drial-synaptosomal fraction; MS, microsomal fraction; Cyto, cytosolic
fraction.

FIG. 2. (A) PLD activity in CRBL subcellular fractions. PLD activity was
determined using a mixed lipid vesicle formed by PE/PIP2/DPPC as sub-
strate in a molar ratio of 16:1.4:1 with [3H]DPPC (200,000 cpm). The
enzymatic activity was expressed as nmol × (hour × mg protein)−1 of
[3H]choline. Each value is the mean ± SD corresponding to six individ-
ual samples per condition. Each sample was obtained from a different
adult or aged animal. (**P < 0.05; *P < 0.005). (B) Immunoblot of sub-
cellular fractions from adult and aged animals with anti-PLD1 (1:500).
Each line contains 30 µg of protein. PLD, phospholipase D; PIP2,
PI-4,5-bisphosphate; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline; for other abbreviations see Figure 1.



In adult rats, PAP2 and DGL2 activities were distributed in
a similar pattern, namely, MT-Syn (56.5%), nuclear fraction
(34%), and MS (9%), and they were not detected in the Cyto.
The PAP2 distribution profile in aged animals was the same as
that for DGL2, showing an increase in the MS (111%) and a
decrease in the nuclear fraction (24%) (Table 1) with respect to
adult animals.

Figure 3 shows PAP2 and DGL2 activities in the CRBL sub-
cellular fractions from adult and aged rats. PAP2 and DGL2 ac-
tivities were modified by aging and were increased in the MS
by 87 and 114%, respectively. PAP2 activity was decreased in
the nuclear fraction and MT-Syn, whereas DGL2 activity was
only decreased in the nuclear fraction from aged rats. No im-
munodetection with anti-PAP2b was observed in our studies.
This could be indicative of the presence of either PAP2a or
PAP2c isoforms.

PAP and DGL activities in the CRBL MS and Cyto from
adult (4-mon-old) and aged (28- and 33-mon-old) rats. Figure
4A shows PAP1 and DGL1 activities in the CRBL MS and
Cyto from adult and aged (28- and 33-mon-old) rats. It can be

observed that the microsomal PAP1 increased, whereas DGL1
was not modified as an age function, the increase in microso-
mal PAP1 activity in 33-mon-old rats being 194% higher than
in 4-mon-old rats. A decrease of 70 and 50% in cytosolic PAP1
activity was observed in 28- and 33-mon-old rats, respectively
(Fig. 4B). 

PAP2 and DGL2 activities were increased as a function of
age. The greatest effect was observed in the 33-mon-old ani-
mals (400%) (Fig. 4C).

Effect of aging on the distribution of PAP1 activity between
CRBL MS and Cyto. Figure 5 shows the distribution changes of
the CRBL PAP1 between MS and Cyto in aged rats with respect
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FIG. 3. PAP2 and DGL2 activities in CRBL subcellular fractions from
adult and aged rats. For the determination of PAP2 activity, the assay
was carried out by preincubating the membranes with 4.2 mM NEM for
10 min. The reaction was started by adding 0.6 mM [2-3H]PA. DGL2
activity was determined using DAG generated from PAP2 as substrate.
The enzymatic activities were expressed as nmol × (h × mg protein)−1

of [2-3H]DAG plus [2-3H]MAG and [2-3H]MAG for PAP2 and DGL2,
respectively. Each value is the mean ± SD corresponding to six individ-
ual samples per condition. Each sample was obtained from a different
adult or aged animal. (**P < 0.005). PAP2, NEM-insensitive phosphati-
date phosphohydrolase; DGL2, DAG lipase 2; for other abbreviations
see Figure 1.

FIG. 4. PAP and DGL activities in CRBL MS (A and C) and Cyto (B) as a
function of aging. The subcellular fractions were obtained from adult
(4-mon-old) and aged (28- and 33-mon-old) CRBL rats as described in
the Materials and Methods section. The enzymatic activities were as-
sayed as specified in Figure 1. Each value is the mean ± SD correspond-
ing to six individual samples per condition. Each sample was obtained
from a different adult or aged animal. For abbreviations see Figures 1
and 3.



to adult rats, showing an increase in MS of 206 (28-mon-old)
and 233% (33-mon-old) and a decrease in the Cyto of 38% (28-
mon-old) and 43% (33-mon-old), respectively. No differences
were observed in the distribution of DGL1 and PLD between the
MS and Cyto (data not shown).

DISCUSSION

Aging is a complex process throughout which the brain under-
goes a pattern of changes that include enhanced glycerophos-
pholipid metabolism in specific brain areas (23). In this paper
we analyzed the activities of different PLD, PAP, and DGL iso-
forms in nuclear, mitochondrial-synaptosomal, microsomal,
and cytosolic cerebellar fractions and the way in which aging
affects these activities.

Cerebellar PAP1 shows a similar percentage of distribution
in nuclear fractions, MT-Syn, and Cyto with minor activity in
the MS. Maximal DGL1 activity was observed in the nuclear
fractions and MT-Syn with a minor and similar distribution pat-
tern in the other subcellular fractions. DGL1 was coupled to
PAP1 in subcellular fractions, as has been previously reported
for other tissues (21,28), and it could participate in the regula-
tion of DAG availability for de novo biosynthesis of zwitteri-
onic phospholipids. It has been described that the nucleus pre-
sents its own lipid metabolism (38–40). Another potential role
of nuclear PAP1 could be related to its participation in signal
transduction, changing the balance from PA to DAG; PAP1 is
involved in cyclo-oxygenase expression through PKC activa-
tion (41) and it co-immunoprecipitates with activated epider-
mal growth factor-receptor (42). PAP1 and DGL1 activities ob-
served in MT-Syn could be due to either mitochondrial original
activities [which are absent in synaptosomes (22)] or a translo-
cation from the cytosol (43), or else they could be native to en-

doplasmic reticulum-like membranes associated with mito-
chondria (MAM). It has been previously reported that MAM
contain other enzymes involved in de novo biosynthesis of
lipids (44).

The physiological role of PAP1 in microsomal and cytosolic
fractions has been extensively analyzed, and the most character-
ized function is its participation in the Kennedy pathway (5,16).

Aging decreases PAP1 activity in the nuclear fraction, MT-
Syn, and Cyto; increases the microsomal PAP1 activity; exerts
an additional inhibitory effect on nuclear and mitochondrial-
synaptosomal DGL1 activities (independently of the effect on
PAP1 activity); and differentially modifies microsomal and cy-
tosolic DGL1 activities compared with those observed in PAP1.
Aging translocates PAP1 activity from the Cyto to the MS place
of zwitterionic phospholipid biosynthesis. The translocation of
PAP1 could be a mechanism to reach the appropriate DAG lev-
els for PC and PE synthesis in aged microsomes.

PLD activity was present in all CRBL subcellular fractions
and exhibited the maximal activity in the microsomal fraction.
The presence of PLD has been described in purified nuclei
from different tissues (45) and in all subcellular liver fractions
except mitochondria (46). PLD activity levels in the cerebellar
mitochondrial fraction are undoubtedly due to the presence of
synaptosomes in neural tissues where PLD has been previously
detected at one of the highest specific activities (11,22). The
PLD activity found in the MS and related membranes has been
involved in vesicular traffic events, and its function in cytosol
has not been completely elucidated (47,48). 

To date, two PIP2-dependent PLD isoforms, PLD1 and PLD
2, have been cloned. They differ in their regulatory mechanism
although both are stimulated by the presence of PIP2 (48).
Whereas PLD2 has a high basal activity, PLD1 needs stimula-
tion factors such as ARF and RhoA to be detected (13,47,49).
PLD showed the maximal activity in the MS followed by the
MT-Syn, the nuclear fraction, and the Cyto fractions. PLD ac-
tivity was increased in the MT-Syn fraction by aging. Interest-
ingly, Western blot analyses with anti-PLD1 showed lower ex-
pression levels in MT-Syn fractions in aged animals than adult
animals. Under our experimental conditions, in the presence of
PIP2 with no other activators, it can be assumed that the major
PLD activity measured corresponds to the PLD2 isoform. The
presence of an increased level of PLD in the MT-Syn from aged
rats could be due to an attempt to increase choline generation
for acetylcholine synthesis (50). This finding is in agreement
with the cholinergic hypothesis, according to which acetyl-
choline dysfunction is the cause of the cognitive decline ob-
served in senescence (51). 

PAP2 and DGL2 evidenced the maximal activities in MT-
Syn, with an important activity in the nuclear fraction. It has
been reported that PAP2 dephosphorylates PA, produced by
PIP2-dependent PLD, and a variety of lipid phosphates such as
lysophosphatidic acid, sphingosine-1-phosphate ceramide-1-
phosphate, and diacylglycerolphosphate (52). The presence of
PAP2 coupled to PIP2-dependent PLD in the nuclear fraction
could be mainly generating lipid-signaling molecules as previ-
ously reported by Tamiya-Koizumi (38). The presence of these
enzymes in MT-Syn may be mainly due to the presence of
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FIG. 5. Percentage distribution of PAP1 activity in MS and Cyto from
CRBL as a function of aging. The value 100% represents the sum of the
enzymatic activities determined in microsomal and cytosolic fractions.
Each value is the mean ± SD corresponding to six individual samples
per condition. Each sample was obtained from a different adult or aged
animal. (***P < 0.001, for comparison of adult vs. aged). For abbrevia-
tions see Figures 1 and 3.



synaptosomal membranes, as previously reported (22). No
PAP2 and DGL2 activities were found in the Cyto. These results
are in agreement with previous findings indicating that PAP2 is
associated with particulate fractions with low or no activity pres-
ent in the cytosol (16,21). As PAP2 is an integral membrane
protein always present in an active state, it is likely that this form
of the enzyme is involved both in the metabolism of membrane
phospholipids and in the signal transduction mechanisms medi-
ated by PLD (53). PAP2 activity was diminished in the nuclear
fraction and in the MT-Syn by aging. As to the effect of aging on
cerebellar PIP2-dependent PLD from the MT-Syn, we can as-
sume that the higher PA levels produced by the increased PLD
activity are not further metabolized to DAG by PAP2. This could
indicate that in this fraction aging promotes a partial PA avail-
ability. Microsomal PAP2 and DGL2 activities were increased
by the effect of aging, whereas PIP2-dependent PLD was not
modified. Taking into account that PIP2-dependent PLD, PAP2,
and DGL2 may act in a concerted manner, one can assume that
PA provided by PLD action could be quickly removed by the in-
creased action of PAP2 and DGL2. Higher production of MAG
has been associated with neurodegenerative diseases (23).

The calcium hypothesis of aging suggests that basal intra-
cellular calcium is increased in aged animals, altering Ca2+-de-
pendent processes (54). These changes are primarily attribut-
able to a metabolic dysfunction in which mitochondrial
impairment plays an important role because, in nerve cells, mi-
tochondria serve as a dynamic store involved in the regulation
of calcium homeostasis (55). Several lines of evidence suggest
that mitochondria are affected by aging and that they are pro-
gressively more damaged in senescent tissue (56). It has been
reported that in the rat CRBL there is a significant age-depen-
dent decrease in the expression of the voltage-gated calcium
channels (57). As PLD and PAP are indirectly regulated by pro-
tein kinase Cs and as typical protein kinase C isoforms are
modulated by calcium, alterations in the homeostasis of this
ion as a consequence of senescent mitochondria could modify
PLD and PAP enzymatic activities in the aging process (14,58). 

A logical explanation for the different subcellular locations
of PAP, PLD, and DGL activities in the aged CRBL is that they
can provide independent pools of PA, DAG, and MAG for spe-
cific cellular functions (59). The behavior of different types of
PLD, PAP, and DGL activities and their distribution during
aging open an important field of study aimed at elucidating the
physiological role of these enzymes in the cerebellar lipid me-
tabolism and signal transduction and their implications in the
cerebellar cognitive and motor function. 
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ABSTRACT: [1-14C]Linolenic acid was incubated with a ho-
mogenate of leaves of Clematis vitalba, a plant belonging to the
Ranunculaceae family. Analysis of the reaction product by re-
versed-phase high-performance liquid radiochromatography
demonstrated the presence of the following labeled oxylipins: 12-
oxo-10,15(Z )-phytodienoic acid, 9(S)-hydroxy-10(E),12(Z ),15(Z )-
octadecatrienoic acid, ω5(Z )-etherolenic acid, and 9-[1´(E ),
3´(Z ),6´(Z )-nonatrienyloxy]-8(Z )-nonenoic acid [8(Z )-colnelenic
acid]. The last compound was a new divinyl ether FA, and an anal-
ogous compound, i.e., 9-[1´(E ),3´(Z )-nonadienyloxy]-8(Z )-non-
enoic acid [8(Z )-colneleic acid], was obtained following incuba-
tion of linoleic acid with the Clematis homogenate. Structures of
the two divinyl ethers were assigned by spectral and chromato-
graphic comparison with authentic compounds prepared syn-
thetically using previously described methodology. Separate
incubation of the 9- and 13-hydroperoxides of linolenic acid
demonstrated that the first hydroperoxide served as the precursor
of 8(Z )-colnelenic acid and indicated the presence in C. vitalba of
a new divinyl ether synthase acting on 9-lipoxygenase-generated
hydroperoxides. A close structural relationship between this en-
zyme and the well-studied divinyl ether synthase in the potato and
tomato seems likely.

Paper no. L9532 in Lipids 39, 565–569 (June 2004).

Enzymes catalyzing the formation of hydroperoxides from
FA occur widely in nature. In plants, lipoxygenases (1) and
α-dioxygenases (2) have important roles in generating FA hy-
droperoxides, which in turn serve as substrates for secondary
enzymes producing allene oxides, alcohols, aldehydes, epoxy
alcohols, or divinyl ethers (1). The discovery of the last class
of compounds dates back to 1972, when Galliard and Phillips
described the structures of two divinyl ether FA generated
from linoleic and linolenic acids in homogenates of the potato

tuber (3). These compounds, named “colneleic acid” [9-
[1´(E),3´(Z)-nonadienyloxy]-8(E)-nonenoic acid] and “colne-
lenic” acid [9-[1´(E),3´(Z),6´(Z)-nonatrienyloxy]-8(E)-non-
enoic acid], respectively, were produced from the FA by
sequential action of the enzymes 9-lipoxygenase and divinyl
ether synthase. The latter is a membrane-bound cytochrome
P-450 protein occurring not only in the tubers of potato but
also in potato leaves (4) and tomato roots (5). Genes encod-
ing for divinyl ether synthases have been cloned (6,7). Also,
13-lipoxygenase-generated hydroperoxides serve as precur-
sors of divinyl ether FA in higher plants, i.e., etheroleic acid
[12-[1´(E)-hexenyloxy]-9(Z),11(E)-dodecadienoic acid] and
etherolenic acid [12-[1´(E),3´(Z)-hexadienyloxy]-9(Z),11(E)-
dodecadienoic acid ] in bulbs of garlic (8) as well as ω5(Z)-
etherole(n)ic acids (9) and 11(Z)-etherole(n)ic acids (10) in
Ranunculus plants.

The fact that infection of potato leaves with pathogenic
fungi leads to the accumulation of colneleic and colnelenic
acids (4,11) and to increased levels of divinyl ether synthase
(7), coupled with the inhibitory effect of the divinyl ethers
mentioned on mycelial growth and spore germination of the
potato pathogen Phytophthora infestans (4), indicates that the
lipoxygenase-divinyl ether synthase pathway is of functional
importance in the defense of plants against attacking
pathogens. In an ongoing survey of FA hydroperoxide metab-
olism in plant leaves, we recently detected two new isomers
of colneleic and colnelenic acids; the structures of these com-
pounds are described in the present paper.

EXPERIMENTAL PROCEDURES

Plant materials. Specimens of Clematis vitalba L. (“Trav-
eller’s Joy”) were obtained from three different suppliers and
grown in a local garden. Leaves were either used directly or
shock-frozen in liquid nitrogen and stored at –80°C until use.

FA, FA hydroperoxides, and divinyl ethers. Linoleic and
linolenic acids were purchased from Nu-Chek-Prep (Elysian,
MN). With the exception of 9(E)-etheroleic acid, which was
prepared as described previously (12), all unlabeled oxylipins
used in the present work, i.e., 9(S)-hydroperoxy-10(E),
12(Z),15(Z)-octadecatrienoic acid [9(S)-HPOT], 13(S)-hy-
droperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid [13(S)-
HPOT], 9(S)-hydroperoxy-10(E),12(Z)-octadecadienoic acid
[9(S)-HPOD], 13(S)-hydroperoxy-9(Z),11(E)-octadecadi-
enoic acid [13(S)-HPOD], 12-oxo-10,15(Z)-phytodienoic

*E-mail: Mats.Hamberg@mbb.ki.se 
The results of this study were presented in preliminary form at the sympo-
sium “Plant Oxylipins” held in Göttingen, Germany, June 12–14, 2003.
Abbreviations and trivial names: 9(S)-H(P)OD, 9(S)-hydro(pero)xy-
10(E),12(Z)-octadecadienoic acid; 9(S)-H(P)OT, 9(S)-hydro(pero)xy-
10(E),12(Z),15(Z)-octadecatrienoic acid; 12-oxo-PDA, 12-oxo-10,15(Z)-phy-
todienoic acid; 13(S)-H(P)OD, 13(S)-hydro(pero)xy-9(Z),11(E)-octadeca-
dienoic acid; 13(S)-H(P)OT, 13(S)-hydro(pero)xy-9(Z),11(E),15(Z)-
octadecatrienoic acid; colneleic acid, 9-[1´(E),3´(Z)-nonadienyloxy]-8(E)-
nonenoic acid; colnelenic acid, 9-[1´(E),3´(Z),6´(Z)-nonatrienyloxy]-8(E)-
nonenoic acid; etheroleic acid, 12-[1´(E)-hexenyloxy]-9(Z),11(E)-
dodecadienoic acid; etherolenic acid, 12-[1´(E),3´(Z)-hexadienyloxy]-
9(Z),11(E)-dodecadienoic acid; RP-HPLC, reversed-phase HPLC; SP-HPLC,
straight-phase HPLC.



acid (12-oxo-PDA), as well as colnele(n)ic acids, etherole(n)ic
acids, ω5(Z)-etherole(n)ic acids, and 11(Z)-etherole(n)ic
acids, were purchased from Larodan Fine Chemicals (Malmö,
Sweden).

[1-14C]Linolenic acid (PerkinElmer Life and Analytical
Sciences, Boston, MA) was mixed with unlabeled material
and purified by SiO2 chromatography to afford a specimen
having a specific radioactivity of 5.3 kBq/µmol. Aliquots of
this preparation were incubated with soybean lipoxygenase
or tomato lipoxygenase to generate [1-14C]13(S)-HPOT and
[1-14C]9(S)-HPOT, respectively.

Enzyme preparation. Leaves of C. vitalba were minced
and homogenized at 0°C in 0.1 M potassium phosphate
buffer, pH 6.7 (5:1, vol/wt), using an UltraTurrax. The ho-
mogenate was filtered through gauze, and the filtrate was used
directly in the incubations.

Incubations and treatments. Filtered homogenates (5–50
mL) were stirred at 23°C for 20 min in the presence of 300
µM linolenic or linoleic acid or hydroperoxide. Material ob-
tained after extraction with diethyl ether was subjected to
solid-phase extraction using aminopropyl columns (0.5 g; Su-
pelco, Bellefonte, PA) (9) and analyzed by reversed-phase
high-performance liquid radiochromatography. The effluent
was led to a Bischoff model DAD-100 diode-array detector
(Bischoff Chromatography, Leonberg, Germany) serially
connected to a liquid scintillation counter (IN/US Systems,
Tampa, FL).

8(Z)-Colneleic acid [9-[1´(E),3´(Z)-nonadienyloxy]-8(Z)-
nonenoic acid]. The methyl ester of 8(Z)-colneleic acid was
synthesized from the methyl ester of 9(S)-HPOD (51 mg)
as described previously (13). The product, consisting of a
mixture of the methyl esters of 8(Z)-colneleic acid and col-
neleic acid in proportions of 1:4, was subjected to straight-
phase HPLC (SP-HPLC) using a Nucleosil 50-5 column
(Macherey-Nagel, Düren, Germany) and a solvent system of

ethyl acetate/hexane (0.8:99.2, vol/vol) to provide pure
methyl 8(Z)-colneleate (retention volume, 22.6 mL). Analy-
sis by GC–MS showed a single peak having a C-value of C-
18.76 (reference, methyl colneleate, C-19.41). The mass
spectrum of methyl 8(Z)-colneleate was similar to that of
methyl colneleate and showed prominent ions at m/z (% rela-
tive intensity; ion) 308 (36; M+), 279 (2; M+ – 29; loss of
.C2H5), 277 (2; M+ – 31; loss of .OCH3), 251 [9; M+ – 57;
loss of .(CH2)3–CH3], 237 [3; M+ – 71; loss of .(CH2)4–CH3],
165 (10), 123 (28), 95 (43), 81 (71), and 67 (100). An aliquot
of the methyl 8(Z)-colneleate thus prepared was treated with
0.2 M NaOH at 37°C for 2 h under argon to provide 8(Z)-col-
neleic acid. The UV spectrum of this material showed an ab-
sorption band with λmax = 250 nm (Table 1).

8(Z)-Colnelenic acid [9-[1´(E),3´(Z),6´(Z)-nonatrienyl-
oxy]-8(Z)-nonenoic acid]. The methyl ester of 8(Z)-colne-
lenic acid was prepared from the methyl ester of 9(S)-HPOT
(51 mg) using the same protocol as that used to prepare the
methyl ester of 8(Z)-colneleate (13). The product, consisting
of methyl 8(Z)-colnelenate and methyl colnelenate in propor-
tions of 1:3, was separated by SP-HPLC to provide pure
methyl 8(Z)-colnelenate (retention volume, 26.8 mL; C-
value, 18.80). The mass spectrum showed prominent ions at
m/z (% relative intensity; ion) 306 (47; M+), 277 (3; M+ – 29;
loss of .C2H5), 275 (2; M+ – 31; loss of .OCH3), 245 (2), 163
[6; M+ – 143; loss of .(CH2)6–COOCH3], 137 (11), 121 (57),
93 (72), 79 (100), and 55 (74). Saponification, as described
for methyl 8(Z)-colneleate, provided 8(Z)-colnelenic acid,
which showed a UV absorption band with λmax = 252 nm
(Table 1).

Methyl nonyloxy-9-nonanoate. The methyl ester of col-
neleic acid (3 mg) was dissolved in 0.5 mL of methanol con-
taining 2 mg of platinum catalyst and stirred under hydrogen
gas for 15 min. A main peak was observed on GC–MS, and
the mass spectrum showed prominent ions at m/z (%
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TABLE 1
UV Data and Chromatographic Properties of Divinyl Ethers

λmax
a Retention volb

Compound (nm) εa (mL) C-valuec

Compound 3 252 32,100 26.8 18.80
8(Z)-Colnelenic acid 252 26.8 18.80
Colnelenic acid 253 30.2 19.45d

Compound 6 250 22.6 18.76
8(Z)-Colneleic acid 250 22.6 18.76
Colneleic acid 250 25.5 19.41
Etherolenic acid 268 25.8 19.74d

ω5(Z)-Etherolenic acid 267 41,200 27.2 19.74
11(Z)-Etherolenic acid 267 41,600 30.9 19.96
Etheroleic acid 250 21.4 19.33
ω5(Z)-Etheroleic acid 250 20.8 18.83
11(Z)-Etheroleic acid 253 23.0 19.60
9(E)-Etheroleic acid 250 21.9 19.81
aUV spectra were recorded on the free acids dissolved in 99.5% ethanol.
bSP-HPLC was performed on the methyl esters using a Nucleosil 50-5 column and a solvent system of ethyl acetate/hexane
(8:992, vol/vol) at a flow rate of 1.0 mL/min. The detector was set at 250 nm.
cGLC was performed on the methyl esters using a methyl silicone capillary column (25 m) at 230°C.
dPartial degradation on the capillary column. Colnelenic acid, 9-[1′(E ),3′(Z ),6′(Z )-nonatrienyloxyl]-8(E )-nonenoic acid;
colneleic acid, 9-[1′(E ),3′(Z )-nonadienyloxy]-8(E )-nonenoic acid; etherolenic acid, 12-[1′(E ),3′(Z )-hexadienyloxy]-
9(Z ),11(E )-dodecadienoic acid; etheroleic acid, 12-[1′(E )-hexenyloxy]-9(Z ),11(E )-dodecadienoic acid.



relative intensity; ion) 314 (1; M+), 283 (3; M+ – 31; loss
of .OCH3), 241 (1; M+ – 73), 187 [33; M+ – 127; loss
of .(CH2)8–CH3], 172 [23; M+ – 142; loss of OHC–
(CH2)7–CH3], 155 [85; M+ – (127 + 32)], 138 (67), 74 [64;
CH2=C(OH)–OCH3)+.], and 55 (100).

Chemical, chromatographic, and instrumental methods. A
detailed description of the methodology used for isolation and
structural analysis is given or referred to in a previous study
on hydroperoxide metabolism in Ranunculus plants (9). Re-
versed-phase HPLC (RP-HPLC) was carried out with a Nu-
cleosil 100-5 C18 column (250 × 4.6 mm; Macherey-Nagel).
For analysis of the oxidation products of linoleic acid, a sol-
vent system of acetonitrile/water/acetic acid in proportions of
60:40:0.02 (by vol) was used, whereas the oxidation products
of linolenic acid were chromatographed using the proportions
50:50:0.02 (by vol) for the initial period of the run (0–25
min), followed by 70:30:0.02 (by vol) for the second period
(25–45 min). C-values recorded during GC were calculated
from diagrams constructed by plotting the retention times of
standard saturated FAME on a logarithmic scale vs. the num-
ber of carbon atoms of the carbon chains on a linear scale.

RESULTS

Isolation of oxidation products of linolenic acid and its hy-
droperoxides. [1-14C]Linolenic acid (300 µM) was stirred at
23°C for 20 min with a whole homogenate preparation (10 mL)
of C. vitalba. Material obtained by extraction with diethyl ether
and solid-phase extraction was subjected to reversed-phase
high-performance liquid radiochromatography. In addition to
unconverted linolenic acid (80% of the recovered radioactiv-
ity), four labeled products were observed, i.e., compounds 1
(23.6 mL effluent; 32% of the oxidation product), 2 (25.8 mL;
36%), 3 (55.4 mL; 22%), and 4 (57.3 mL; 10%) (Scheme 1).
Compound 1 was identified as 12-oxo-PDA by UV spec-
troscopy and GC–MS using the authentic compound as refer-
ence (cf. Ref. 9). Using the same criteria, compound 2 was
identified as 9(S)-HOT [9(S)-hydroxy-10(E),12(Z),15(Z)-oc-
tadecatrienoic acid], and compound 4 was identified as the di-
vinyl ether FA ω5(Z)-etherolenic acid (9). Compound 3 was a
new oxylipin, and its structure was determined as described in
the following section. Incubation of [1-14C]9(S)-HPOT (300
µM) using the same protocol produced labeled compound 3 in
a higher yield (40% of the recovered radioactivity) accompa-
nied by 9(S)-HOT (20%), whereas incubation of 13(S)-HPOT
generated 12-oxo-PDA (60%) accompanied by 13(S)-HOT
[13(S)-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid] (12%)
and ω5(Z)-etherolenic acid (20%).

Structure of compound 3. Compound 3 showed strong UV
absorption with λmax (EtOH) = 252 nm, ε = 32,100, suggest-
ing a divinyl ether structure (Table 1). The mass spectrum of
the methyl ester of compound 3 showed prominent ions at m/z
(% relative intensity; ion) 306 (47; M+), 277 (3; M+ – 29; loss
of .C2H5), 275 (2; M+ – 31; loss of .OCH3), 245 (4), 163 [6;
M+ – 143; loss of .(CH2)6–COOCH3], 137 (11), 121 (57), 93
(72), 79 (100), and 55 (74). Catalytic hydrogenation of the

methyl ester of compound 3 provided an octahydro derivative,
the mass spectrum of which was identical to that recorded on au-
thentic methyl nonyloxy-9-nonanoate. Oxidative ozonolysis per-
formed on the methyl ester of compound 3 produced
monomethyl suberate as the major nonvolatile fragment.

The results mentioned showed that compound 3 had the
same skeletal structure as that of colnelenic acid but differed
from this compound with respect to the geometrical configu-
ration. Because of the relatively weak enzyme activities de-
tected and the limited amount of plant material available,
large-scale preparation of compound 3 for NMR analysis was
not possible. Instead, double-bond configurations were as-
signed by chromatographic comparison with authentic refer-
ence compounds of known stereochemistry. The chromato-
graphic properties of four isomeric divinyl ether FA derived
from 13(S)-HPOD, i.e., etheroleic acid (8), ω5(Z)-etheroleic
acid (9), 11(Z)-etheroleic acid (10), and 9(E)-etheroleic acid
(11), were determined in previous work (9,10,12), and these
data (Table 2) could be used to evaluate the stereochemistry
of compound 3. As seen in Table 2, a change in the geometri-
cal configuration of the isolated vinyl ether double bond of
etheroleic acid from E to Z (8→9) resulted in a lowered C-
value as determined by GC and a shortened retention time as
determined by SP-HPLC, whereas the opposite was true for
an E to Z isomerization of the conjugated vinyl ether double
bond (8→10) or a Z to E isomerization of the conjugated non-
vinylic double bond (8→11). The chromatographic properties
of compound 3 (Table 1), coupled with the data in Table 2,
suggest that the isolated vinyl ether bond of this compound
had the Z configuration. The required 8(Z) isomer of colne-
lenic acid was prepared from the methyl ester of 9(S)-HPOT
using a well-established procedure (13) and was found to give
results identical to compound 3 regarding C-value, retention
volume, and UV spectrum (Table 1). Furthermore, the mass
spectra recorded for the methyl ester of compound 3 and for
methyl 8(Z)-colnelenate were identical. On the basis of these
data, compound 3 could be identified as 8(Z)-colnelenic acid.
Notably, formation of colnelenic acid from linolenic acid or
9(S)-HPOT was not observed.
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Isolation of oxidation products of linoleic acid and its hy-
droperoxides. Incubation of linoleic acid (300 µM) as de-
scribed in the foregoing discussion, followed by analysis by
RP-HPLC, led to the formation of compound 5 (18 mL efflu-
ent; 5% of the recovered radioactivity) and a new oxylipin
designated as compound 6 (44 mL; 1%). Compound 5 was
identified as 9(S)-HOD [9(S)-hydroxy-10(E),12(Z)-octadeca-
dienoic acid] by chromatographic and spectral comparison
with authentic material. Incubation of 9(S)-HPOD, but not
13(S)-HPOD, produced compounds 5 and 6, demonstrating
that both were 9-lipoxygenase products.

Structure of compound 6. The UV spectrum of compound
6 showed a strong absorption band with λmax = 250 nm (Table
1), suggesting a divinyl ether partial structure. The mass spec-
trum of the methyl ester of compound 6 showed prominent
ions at m/z (% relative intensity; ion) 308 (36; M+), 279 (2;
M+ – 29; loss of .C2H5), 277 (2; M+ – 31; loss of .OCH3), 251
[9; M+ – 57; loss of .(CH2)3–CH3], 237 [3; M+ – 71; loss of
.(CH2)4–CH3], 165 (10), 123 (28), 95 (43), 81 (71), and 67
(100). Catalytic hydrogenation of the methyl ester of 6 pro-
vided a hexahydro derivative, the mass spectrum of which
was identical to that of methyl nonyloxy-9-nonanoate. Oxida-
tive ozonolysis performed on the methyl ester of 6 yielded
methyl hydrogen suberate as the nonvolatile product, thus lo-
calizing the divinyl ether structure to the C-8 to C-13 segment
of the carbon chain.

The shifts in C-value and retention volume noted for com-
pound 6 relative to colneleic acid were both negative (Table
1); together with the data in Table 2, this indicated that the
nonconjugated vinylic double bond in compound 6 had the Z
configuration. The required reference, 8(Z)-colneleic acid,
was synthesized from the methyl ester of 9(S)-HPOD and was
found to have chromatographic and UV spectrophotometric
properties identical to those of compound 6 (Table 1). Fur-
thermore, identical mass spectra were recorded on the methyl
esters of compound 6 and 8(Z)-colneleic acid, thus confirm-
ing the identity of the two compounds.

DISCUSSION

Etherolenic and etheroleic acids are divinyl ether FA produced
from the 13(S)-hydroperoxides of linolenic and linoleic acids,
respectively, and previous studies have demonstrated the exis-
tence in plant tissues of geometrical isomers of these com-
pounds. Whereas etherole(n)ic acids are produced in bulbs of
garlic (8), many terrestrial Ranunculus plants possess a divinyl
ether synthase that produces the ω5(Z) isomers of etherole(n)ic
acids (9). Futhermore, R. lingua and R. peltatus, two aquatic
Ranunculus plants, produce the 11(Z) isomers of etherole(n)ic
acids (10). The present work extends the family of divinyl ether
FA by identifying the 8(Z) isomers of colnelenic and colneleic
acids as products of the 9-hydroperoxides of linolenic and
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SCHEME 2

TABLE 2
Correlation of Geometrical Configurations and Chromatographical Properties of Etheroleic Acid Isomersa

∆Retention volumeb ∆C-valuec

Compound Partial structure Configuration (mL) (units)

Etheroleic acid (8) E,E,Z 0 0

ω5(Z)-Etheroleic acid (9) Z,E,Z −0.6 −0.50

11(Z)-Etheroleic acid (10) E,Z,Z +1.6 +0.27

9(E)-Etheroleic acid (11) E,E,E +0.5 +0.48
aData taken from References 9, 10, and 12. See Table 1 for abbreviations.
bSee Table 1 for conditions used for SP-HPLC.
cSee Table 1 for conditions used for GLC.



linoleic acids. The new divinyl ether synthase responsible for
this transformation was detected in the leaves of C. vitalba, a
common garden plant belonging to the Ranunculaceae family.

The multiple occurrence of divinyl ether synthases in the
Ranunculaceae family is intriguing and may point to a spe-
cific function of divinyl ethers in these plants. From a bio-
chemical standpoint, it seems likely that only subtle differ-
ences in the structures of the various divinyl ether synthases,
such as mutation of even a single amino acid residue, could
suffice to produce a change in the geometrical configuration
of divinyl ether FA. One can anticipate that the divinyl ether
synthases producing etherole(n)ic acid isomers present in gar-
lic and Ranunculus plants will be closely related in structure,
and that this will also be the case with the divinyl ether syn-
thases present in potato or tomato and in Clematis, which pro-
duce colnele(n)ic acid isomers.

Formally, divinyl ether FA can be regarded as oxa analogs
of the various conjugated trienoic FA, which are well-known
constituents of certain seed oils. This family of compounds is
formed from linoleic acid by a non-lipoxygenase pathway in-
volving so-called “conjugases” or “(1,4)-desaturases.” Con-
jugases generating α-eleostearic acid 14 (14,15), α-calendic
acid 12 (16,17), and punicic acid 15 (18,19) have been de-
scribed thus far, and it seems likely that other conjugated
trienoic acid isomers are also formed by the action of specific
but closely related conjugases. It is interesting to note that five
of the six divinyl ethers derived from linoleic acid can be
paired structurally with conjugated trienoic acids (Scheme 2).
However, because of the distinct biosynthetic mechanisms in
the formation of the two classes of compounds, it is unlikely
that this pairing mirrors any structural relationship between
the enzymes involved (divinyl ether synthase/conjugase).
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ABSTRACT: The occurrence of petroselinic acid (18:1∆6cis) in
seed oils was believed to be limited to the Umbelliferae or Api-
aceae, and a few other members of the Umbelliflorae. A major
occurrence of petroselinic acid outside the Umbelliflorae must
therefore be regarded as highly unusual and surprising. The seed
oil of Geranium sanguineum, a member of the family Gerani-
aceae, has now been found to contain petroselinic and vernolic
acids as major FA in its seed oil TAG. These unusual FA have
not been reported previously as constituents of Geraniaceae seed
oils. The structure and composition of the seed oil FA from G.
sanguineum were determined by combined use of chromato-
graphic (TLC, capillary GLC) and spectroscopic (IR, GC–MS)
techniques. The double-bond position in petroselinic acid was
located unambiguously by the characteristic mass fragmentation
of its dimethyldisulfide (DMDS) adduct. The epoxy FA was iden-
tified as vernolic acid by co-chromatography and by the mass
fragments formed during GC–MS of the products of the epoxy
ring-opening reaction with BF3 in methanol.

Paper no. L9499 in Lipids 39, 571–576 (June 2004).

Petroselinic acid (18:1∆6cis) is known to be a major FA in
the seed oils of most of the members of the Umbelliflorae
plant families (1). Placek (2) mentions only a few rare occur-
rences outside these families. 

The genus Geranium, with about 300 species, is the prin-
cipal genus of the plant family Geraniaceae (3). About 28
Geranium species can be found growing in Europe. Most of
the Geranium species are annual or perennial herbs, some-
times pachycaul shrublets, and many of these are cultivated
as ornamentals, especially for ground cover. A number of
species from this genus are cultivated as medical plants, and
extracts from the roots of some Geranium spp. are used in tra-
ditional medicine, tanning, and dyeing. 

The genus Geranium is well studied with regard to its
chemical constituents other than lipids (4,5). However, only a
few studies on seed oils or FA of genus Geranium appear in
the published literature. The seed oil of G. carolinianum was
previously studied by IR and UV and was reported to have
the usual FA composition (“normal” FA only) (6). An exhaus-
tive survey of the literature yielded no other work on the seed
oil of Geranium species, but a few data, without further com-

ment, can be found in the NCAUR database (7). None of
these data, however, show the presence of either petroselinic
or vernolic acid.

The present report describes for the first time the unique
occurrence of petroselinic acid and vernolic acid along with
normal FA in the seed oil of G. sanguineum. This extends the
list of natural sources of these two unusual FA (2,8) by inclu-
sion of the Geraniaceae plant family. As a part of our screen-
ing program of lesser-known seed oils, the seed oil of G. san-
guineum was analyzed for its FA composition. The present
paper describes the separation, identification, and structure
elucidation of its two unusual components—petroselinic and
vernolic acids.

MATERIALS AND METHODS

Seed materials. Seeds of G. sanguineum sample no. 1 were
collected by the second author from a plant of Austrian origin
cultivated in a local garden in 1995. Sample no. 2 was sup-
plied by Professor F. Albers, Department of Botany, Univer-
sity of Münster, Germany, in 1995. Seeds of G. sanguineum
sample no. 3 were collected by the first author in the Botani-
cal Garden of Münster University in the first week of August
1996. Euphorbia lagascae seed oil, used for comparison pur-
poses as a reference oil that contains vernolic acid, was avail-
able in this laboratory from previous investigations.

Oil extraction and preparation of FA derivatives. The
ground seeds were extracted with n-hexane in a flow-through
extractor. FAME of the seed oils were prepared by saponifi-
cation in 1.0 N KOH/ethanol followed by reaction with 20%
BF3/methanol, or by transesterification with 2.0 M sodium
methoxide in methanol as described in our previous papers
(9–12). The dimethyldisulfide (DMDS) adducts of FA were
prepared as described in Reference 13. 

TLC, GC–MS, and IR. TLC was carried out, and GC–MS
and IR spectra were recorded as described (14–16).

Capillary GLC. Capillary GLC of FAME was performed on
three gas chromatographs (two Hewlett-Packard HP 5890 and
a PerkinElmer F22) equipped with FID and with fused-silica
WCOT capillary columns (length 50 m, i.d. 0.25 and 0.22 mm)
packed with stationary phases of different polarity (Silar 5 CP,
CP Sil 88, and BPX 70; Chrompack, Middelburg, The Nether-
lands). Chromatographic data were evaluated with integrators
(Chromato-Integrator D2000, HP 3396 Series II Integrator, and
Shimadzu Chromatopac C-R3A). The identification of individ-

Copyright © 2004 by AOCS Press 571 Lipids, Vol. 39, no. 6 (2004)

* To whom correspondence should be addressed at Feldbehnstr. 64 a, D-
25451 Quickborn, Germany. E-mail: aitzetm@freenet.de or aitzetm@web.de
Abbreviations: DMDS, dimethyldisulfide adducts; ECL, equivalent chain
length; PRV, peak recognition value; SOFA, seed oil FA (for SOFA data-
base, go to netlink: www.bagkf.de/SOFA).

Geranium sanguineum (Geraniaceae) Seed Oil: 
A New Source of Petroselinic and Vernolic Acid

N. Tsevegsurena, K. Aitzetmullerb,*, and K. Vosmannc

aDepartment of Organic & Food Chemistry, Faculty of Chemistry, National University of Mongolia, Ulaanbaatar, Mongolia,
and bInstitute for Chemistry and Physics of Lipids and cInstitute for Lipid Research, BAGKF, D-48147 Münster, Germany



ual FAME was by chromatographic comparison with authentic
standards, by co-chromatography, and by calculation of rela-
tive retention times and peak recognition values (PRV), similar
to equivalent chain length (ECL) values (17). 

GLC conditions, Silar 5 CP. The temperature was held at
165°C for 1 min, then programmed from 165 to 205°C at
1°C/min, then held at 205°C for ca. 60 min before cooling the
column to 165°C. The injector and detector temperatures
were 230 and 260°C, respectively. For improved separation
of 18:1∆6cis from 18:1∆9cis methyl esters, the following
conditions were used on Silar 5 CP: The temperature program
was run isothermally for 48 min at 165°C, then the column
was cleaned by heating at 205°C for ca. 60 min before cool-
ing the column to 165°C. The injector and detector tempera-
tures were as above for Silar 5 CP. 

BPX 70. The temperature was programmed from 100 to
240°C at 2°C/min and maintained at 240°C for 32 min. The
injector temperature was 260°C and the detector temperature
was 240°C. 

CP Sil 88. The temperature was programmed from 100 to
220°C at 1.5°C/min and maintained at 220°C for 20 min. The
injector temperature was 270°C and the detector temperature
was 240°C. 

Nitrogen (for Silar 5 CP and BPX 70) and helium (for CP
Sil 88) were used as carrier gases. Flow rates were 1.13 mL
N2/min for the Silar 5 CP column, 0.69 mL N2/min for BPX
70, and 1.0 mL He/min for CP Sil 88.

Capillary GC–MS. GC–MS analysis was carried out using
the electron ionization mode (70 eV) on a Hewlett-Packard in-
strument model 5890 series II/5989A, equipped with a Per-
mabond OV-1 fused-silica capillary column (Macherey-Nagel,
Düren, Germany), 25 m × 0.32 mm i.d., film thickness 0.23
µm. The carrier gas was helium at a flow rate of 1.5 mL/min.

GC–MS conditions. For DMDS adducts the column tem-
perature was initially kept at 100°C, then programmed from
100 to 280°C at 10°C/min. The final temperature was held for
10 min. In the case of the FAME, the column temperature was
initially kept at 180°C, then programmed from 180 to 260°C
at 1.5°C/min. The final temperature was held for 5 min. In
both cases, the other operating conditions were: split/splitless
injector in split mode (split ratio = 1:20) at a temperature of
300°C, an interface temperature of 280°C, and an ion source
temperature of 200°C.

RESULTS

Data for the oil content of the three samples of seeds and the
FA composition of the G. sanguineum seed oil obtained from
them are presented in Table 1. The range of oil contents was
18.8 to 23.7% in the seeds from the G. sanguineum accessions
investigated here. TLC of the seed oil and of the FAME
showed the presence of oxygenated TAG in G. sanguineum
seed oil and the presence of oxygenated FAME that had the
same RF value as did vernolic acid methyl ester from E. la-
gascae seed oil. The IR spectra did not show any absorption
for trans double bonds. By GLC, the seed oil of G. san-

guineum was found to contain two unusual FA in a rather
large proportion in addition to common FA (Table 1). These
unusual FA were later identified as petroselinic acid (48.4%)
and vernolic acid (7.1%) (see below).

Capillary GLC analysis of the FAME of G. sanguineum
seed oil on columns of Silar 5 CP and BPX 70 revealed the
presence of two unusual FA along with the normal FA. The
first unusual FAME had a PRV (similar to ECL) of 18.26,
using our normal conditions for seed oil fatty acid (SOFA)
fingerprints on Silar 5 CP and led to a split peak because of
considerable overlap with methyl oleate, which elutes slightly
later at a PRV of 18.30. It was not separated from methyl
oleate at all on the BPX 70 column under the given condi-
tions. The PRV values suggest that this ester was derived
from petroselinic acid, a cis-6-octadecenoic acid (18:1∆6cis
or 18:1n-12). 

The second unusual FAME had a PRV of 23.04 on Silar 5
CP, which pointed to the possibility that this peak was derived
from vernolic acid. Additional proof for this was the fact that
the peak at this PRV was found only when alkaline transester-
ification was used to produce the FAME required for the GC
separation (peak 9 in Fig. 1). With BF3 in methanol, two later-
eluting peaks (at PRV 24.67 and 24.93) were found (peaks 11
and 12 in Fig. 1), which consisted of the corresponding hy-
droxy-methoxy products formed by the ring-opening addition
of methanol to the epoxy ring system in vernolic acid. 

Vernolic acid is known as a constituent of seed oils from a
number of unrelated plant families such as Euphorbiaceae and
Asteraceae (8,18). It has been used as a stabilizer for plastics
formulations and as a raw material for oleochemical synthe-
sis. The typical GLC separation of FAME of seed oils from G.
sanguineum is shown in Figure 1, by way of the standardized
“Seed Oil Fatty Acid Fingerprints” or “SOFA-Fingerprints”
(11) used frequently in plant chemotaxonomy (9,19,20).
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TABLE 1
FA Composition of Three Geranium sanguineum Samples (FA data
shown are GLC area% of total FA; fat content is shown in weight%)

FA (GLC area%) PRV Sample 1 Sample 2 Sample 3

14:0 14.00 0.1 0.1 0.1
16:0 16.00 5.3 4.5 4.4
16:1∆7c 16.24 1.1 0.8 0.7
16:1∆9c 16.30 Trace — Trace
17:0 16.91 0.1 0.1 0.1
18:0 18.00 3.0 3.5 3.5
18:1∆6c 18.26 48.4 43.2 34.4
18:1∆9c 18.30 9.9 9.8 11.2
18:1∆11c 18.35 0.3 0.2 0.3
18:2∆9c,12c 18.77 21.4 28.6 32.6
18:3∆9c,12c,15c 19.40 0.4 0.6 2.3
20:0 20.00 0.5 0.4 0.4
20:1∆9c 20.14 0.3 0.5 0.3
20:1∆11c 20.27 0.5 0.5 0.5
22:0 22.00 0.4 0.3 0.2
12,13-O-18:1∆9c (vernolic) 23.04 7.1 5.2 8.4
24:0 24.00 0.2 0.2 0.1

Σ of 18:1 + 18:2 + vernolic 87.1 87.0 86.9

Fat content (weight%) 23.7 20.8 18.8

 



Under special conditions, on both the CP Sil 88 and on the
Silar 5 CP columns, a better partial separation of the isomeric
18:1∆6c and 18:1∆9c FAME is achieved (Fig. 2). Figure 2A
is an excerpt of an original fingerprint chromatogram (where
peak 5 elutes after 30 min), and Figure 2B shows the some-
what better separation effect, when an initially isothermal run
on the Silar 5 CP column is used (so that peak 5 appears later,
after ca. 50 min, when heating sets in). On a CP Sil 88 col-
umn, an even better separation can be achieved. Although
these are not baseline separations, they permit one to estimate
the amounts present of each of the two isomeric FA esters. 

To confirm the postulated structures further, the DMDS
adducts of the FAME obtained by the reaction of the corre-
sponding FA with DMDS were analyzed by GC–MS. Figure

3 shows the mass spectrum of the DMDS adducts of the 18:1
FAME fraction, including the fragmentation pattern of the
methyl petroselinate adduct. The two positional isomers of
octadecenoic acid (18:1∆6c and 18:1∆9c) are not separated
on the OV-1 column used for GC–MS. Besides the molecular
ion at m/z 390, which is obtained from both isomers, the typi-
cal fragments of DMDS adducts of methyl petroselinate and
methyl oleate can be observed. The signals at m/z 215 and 175
indicate the key fragment ions formed by the cleavage be-
tween the carbon atoms C-6 and C-7 of the DMDS adduct of
petroselinic acid. Together with the ion at m/z 143, which is
created from the signal at m/z 175 by the loss of methanol,
they clearly establish the structure of methyl petroselinate.
Besides this, the much weaker signals at m/z 217 and 173 cor-
responding to the typical fragmentation pattern of the DMDS
adduct of methyl oleate (13,21,22) also can be found. Clearly,
the oleate DMDS fragments are much less prominent, again
confirming the predominance of petroselinic acid as found by
GLC under special conditions (Table 1).

Vernolic acid is identified by the two methoxy-hydroxy de-
rivatives formed because quantitative ring opening occurs
during the treatment of epoxy FA with BF3/methanol (23).
Figure 4 shows the mass spectra of both derivatives and illus-
trates their fragmentation patterns. Unlike Kleiman and
Spencer (23), it was possible for us to separate the two posi-
tional isomers on a nonpolar OV 1 column. The structures of
the earlier-eluting 12-methoxy-13-hydroxy derivative, and
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FIG. 1. Typical standardized Seed Oil Fatty Acids (SOFA)-Fingerprints
(11) of two Geranium sanguineum samples. Top: FAME prepared as de-
scribed in Reference 11 with BF3/methanol after saponification and re-
moval of the unsaponifiables. Bottom: Second sample, where the FAME
were prepared as described (9,11) without removal of the unsaponifi-
ables by transesterification with sodium methoxide in methanol. The first
(BF3−) procedure causes the ring-opening of vernolic acid (peak 9) to
produce two isomers of hydroxy-methoxy-octadecenoic acid, peaks 11
and 12. Peak numbers: ∆-Notations are used as in the SOFA database
(26,27); see these references for a more detailed explanation. 1 = 16:0;
2 = 16:1∆9c; 3 = 18:0; 4 = 18:1∆6c + 18:1∆9c (petroselinic + oleic acid
overlapping); 5 = 18:2∆9c,12c; 6 = 18:3∆9c,12c,15c; 7 = 20:0; 8 =
22:0; 9 = 12,13-O-18:1∆9c (vernolic acid); 10 = 24:0; 11 = 13-OH-12-
MeO-18:1∆9c (ring-opening derivative of vernolic acid); 12 = 12-OH-
13-MeO-18:1∆9c (ring-opening derivative of vernolic acid).

FIG. 2. GLC of G. sanguineum seed oil FAME under special conditions,
showing partial separation of petroselinic and oleic acid methyl esters in
an initially isothermal run on a Silar 5 CP column. (A still better separa-
tion can be achieved on CP Sil 88.) Peaks: 4-P = petroselinic acid; 4-O
= oleic acid; other peaks as in Figure 1. For abbreviation see Figure 1.



that of the later-eluting 12-hydroxy-13-methoxy derivative,
are clearly established by the fragments that are formed by
the cleavage between the carbon atoms C-12 and C-13, and
the base peak at m/z 145 is common for both isomers.

DISCUSSION

Until now, petroselinic acid was believed to be a chemotaxo-
nomic marker for a number of closely related plant families
within the Umbelliflorae, with very few exceptions (1,4). It is
the major FA in seeds of the Umbelliferae (or Apiaceae) and
Araliaceae. This is the first observation of an occurrence of pet-
roselinic acid—as the main component of a seed oil—in a
member of a plant family that does not belong to the Umbel-
liflorae group of families. However, it should also be noted that
the position of the Geraniaceae family in relation to other plant
families is still very much in discussion (24), and the presence
of petroselinic acid in some members of this plant family could
perhaps indicate a closer relation to Umbelliflorae.

On account of the unusual ∆6-position of the double bond,
petroselinic acid is a valuable raw material for the production
of lauric and adipic acids, which in turn are intermediates for
detergents and for one type of nylon, and for the synthesis of
other bioactive compounds, e.g., pheromones. Petroselinic
acid is the characteristic FA for seed oils of the plant order
Umbelliflorae, where it occurs in high amounts. Levels of up
to 85% have been reported in only three plant families (Um-
belliferae, Araliaceae, and Garryaceae) (1,2). This acid has
not been previously reported as a main component of seed
oils from other than these three plant families, and this work

extends the list of natural sources of petroselinic acid by the
plant family Geraniaceae.

Vernolic acid has also been found for the first time as a
component of the seed oil of a Geranium species. Although
this epoxy FA is known to occur in seed oils of many other
unrelated plant families (4,18), this FA also has never before
been reported to occur within the family Geraniaceae. Indeed,
vernolic acid seems to have evolved separately, and indepen-
dently, several times during Angiosperm evolution (25), and
its presence or absence in a seed oil is therefore of lesser
chemotaxonomic value if compared with petroselinic acid. It
is of particular interest, however, that in all three samples the
sum of vernolic acid + 18:1 + 18:2 was highly constant at 87.0
± 0.1% (see Table 1). In sample 3, where the petroselinic acid
content was notably lower than in the other two samples, the
linoleic and vernolic acid contents were correspondingly
higher (Table 1). This is what is expected if there is a direct
biosynthetic link between these acids, and the individual dif-
ferences found may be related to climatic factors (i.e., a tem-
perature influence on desaturase activity) or to degree of seed
maturity.

A more detailed study on the FA composition data of
members of the Geraniaceae will be reported separately
(Aitzetmuller, K., Tsevegsuren, N., and Albers, F., unpub-
lished data). Preliminary results show that the presence or ab-
sence of petroselinic (and, to a lesser extent, vernolic) acid
appears to be a useful chemotaxonomic marker for the differ-
entiation between sections of species within genus Geranium,
where some sections apparently do contain petroselinic acid,
whereas other sections do not. Petroselinic acid is apparently
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FIG. 3. Mass spectrum of the dimethyldisulfide (DMDS) adduct of the mixture of methyl pet-
roselinate and methyl oleate as obtained from G. sanguineum seed oil. (The DMDS adducts of
petroselinic and oleic acid cannot be separated by GLC under these conditions on the OV-1
column used for GC–MS.) For abbreviation see Figure 1.



not present in other genera (Pelargonium and Erodium) of the
plant family Geraniaceae.
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ABSTRACT: Conjugated linoleic acid (CLA), an anticarcino-
genic compound with numerous other health benefits, is pres-
ent mainly in dairy and beef lipids. The main CLA isomer pres-
ent in dairy and beef lipids is cis 9,trans 11 CLA at a 0.5% con-
centration. The typical minimum human dietary intake of CLA
is 10 times less than the 3 g/d suggested requirement that has
been extrapolated from animal and cell-line studies. The objec-
tives of this study were to produce CLA isomers from soybean
oil by photoisomerization of soybean oil linoleic acid and to
study the oxidation status of the oil. Refined, bleached, and de-
odorized soybean oil with added iodine concentrations of 0,
0.1, 0.25, and 0.5% was exposed to a 100-W mercury lamp for
0 to 120 h. An SP-2560 fused-silica capillary GC column with
FID was used to analyze the esterified CLA isomers in the pho-
toisomerized oil. The CLA content of the individual isomers was
optimized by response surface methodology. Attenuated total
reflectance (ATR)-FTIR spectra in the 3400 to 3600 cm−1 range
and 1H NMR spectra in the 8 to 12 ppm range of the photo-
isomerized soybean oil were obtained to follow hydroperoxide
formation. The largest amount of cis 9,trans 11 CLA isomer in
soybean oil was 0.6%, obtained with 0.25% iodine and 84 h of
photoisomerization. Lipid hydroperoxide peaks in the ATR-FTIR
spectra and aldehyde peaks in the 1H NMR spectra were not
observed in the photoisomerized soybean oil, and the spectra
were similar to that of fresh soybean oil. This study shows that
CLA isomers can be produced simply and inexpensively from
soybean oil by photoisomerization.

Paper no. L9450 in Lipids 39, 577–582 (June 2004).

CLA refers to the group of positional isomers of linoleic acid
(octadecadienoic acid) having a conjugated double-bond sys-
tem starting at carbons 7 to 13 and including all possible geo-
metric configurations of cis-trans, cis-cis, and trans-trans iso-
mers (1). Dietary sources of CLA include beef (0.43% of total
beef lipids) and dairy products (0.40 to 0.55% of total dairy
lipids) (2). Cis 9,trans 11 CLA, also called rumenic acid, is
the main isomer, constituting 90% of the total CLA found in
dairy and beef lipids. 

CLA is well recognized as an anticarcinogenic (1,3) and
antiatherogenic (4) compound. Other health benefits of CLA
identified in animal and cell-line studies include the ability to
reduce body fat, increase lean body mass (5), and protect
against immune-induced muscle wasting (6). However, the
current human intake of CLA is 10 times less than the 3 g/d

minimum value extrapolated from animal studies for optimal
beneficial effects (3,7). By diversifying dietary sources of
CLA to include vegetable oils, the human intake of CLA
could be increased. Lee et al. (8) attempted to incorporate
CLA FFA into soybean oil by lipase-catalyzed interesterifica-
tion, but this procedure resulted in high levels of oxidation of
the oil. However, isomers of CLA could be produced from
vegetable oils by photoisomerization. In the photoisomeriza-
tion studies conducted by Seki et al. (9), Canaguier et al.
(10,11), and Julliard et al. (12), an 80% yield of CLA methyl
esters was produced from linoleic acid methyl esters, but spe-
cific CLA isomer compositions were not reported. In these
methods, linoleic acid methyl esters (5–10%) were dissolved
in petroleum ether, benzene, or carbon disulfide and then ex-
posed to a strong light source in the presence of iodine as a
sensitizer (9–12). However, there are no reports on the effect
of direct photoisomerization of linoleic acid in vegetable oils
esterified in the absence of solvents. Soybean oil contains ca.
50% linoleic acid that could be photoisomerized to CLA (13).
Thus, the goal of this study was to investigate the extent to
which CLA isomers could be produced directly from a read-
ily available, commercial linoleic acid-rich vegetable oil such
as soybean oil in the absence of solvents. The specific objec-
tives were (i) to determine the presence and concentration of
CLA isomers in soybean oil upon photoisomerization; (ii) to
optimize the iodine content and time of photoisomerization;
and (iii) to determine the oxidation status of the photoisomer-
ized soybean oil by FTIR and 1H NMR spectroscopy. 

EXPERIMENTAL PROCEDURES

Processing. Soybean oil (Wesson; ConAgra, Irvine, CA) was
obtained from a local grocery store (Fayetteville, AR). Iodine
(crystals, resublimed; EM Science, Cherry Hill, NJ) at levels
of 0.5, 0.25, 0.1, and 0% (w/w) was added to 200 g of soy-
bean oil in a 250-mL beaker, and then heated for 3 to 5 min at
80°C or until the iodine was completely dissolved. The
beaker was flushed with nitrogen during heating. The beaker
was wrapped with aluminum foil to prevent the oil from being
exposed to outside light, but the oil was not stirred during
photoisomerization. The oil was then exposed to a 100-W
mercury lamp. The lamp was a Model B 100-YP Black Ray
long-wave UV lamp with a 100-W Sylvania Par 38-R spot
bulb (Osram Sylvania Inc., Winchester, KY). The spot bulb
was constructed with an outer glass bulb and an internal arc
tube made of quartz. The mercury arc tube operated under
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pressures of up to 50 psi and at high temperatures. The lamp
had a yellow filter that allowed strong mercury lines at 543,
574, and 576 nm; however, the yellow filter was removed for
this study. In addition to the spot bulb, the lamp assembly
consisted of a transformer, a lamp funnel that held the spot
bulb, and a lamp visor that directed the light onto the sample
(UVP Inc., Upland, CA). The output of the lamp was in the
visible range of 380 to 700 nm, with strong emissions in the
range of 426, 450, 543, 574, and 576 nm. The outer glass on
the spot bulb absorbed the UV light. Hence, the spectral char-
acteristics of the light were in the visible range. The photo-
sensitizer iodine maximum absoptivity was at 520 nm (λmax)
(12). Hence, the lamp emitted the required wavelength. The
power supply required for the lamp was 115 V/60 Hz/2.5 A.

The lamp was suspended 45 cm above the beaker. Every
12 h, for 120 h, approximately 7 mL of soybean oil was col-
lected from the beaker in a 7-mL glass vial wrapped with alu-
minum foil, purged and capped, and then immediately refrig-
erated at 4°C. The temperature of the oil during photoisomer-
ization was between 35 and 40°C.

Methyl ester preparation. Methyl esters were prepared by
base catalysis as described by Christie et al. (14). A base-cat-
alyzed method was chosen for methyl ester preparation to re-
duce the formation of conjugated trans,trans isomers during
analysis. One hundred milligrams of photoisomerized soy-
bean oil, 500 µL of 1% heptadecanoic acid methyl ester (17:0,
internal standard), 2 mL of toluene, and 4 mL of 0.5 M
sodium methoxide (EM Science, Darmstadt, Germany) in
methanol were placed in a 25-mL centrifuge tube and then
purged with nitrogen gas. The centrifuge tube was heated to
50°C for 10 to 12 min and then cooled for 5 min. Glacial
acetic acid (200 µL) was added to the centrifuge tube to in-
hibit the formation of sodium hydroxide, which could hy-
drolyze the methyl esters to FFA. Five milliliters of distilled
water was added to the centrifuge tube followed by 5 mL of
hexane. The tube was then vortexed for 2 min, and the top
hexane layer was extracted and dried over anhydrous sodium
sulfate (EM Science). Another 5 mL of hexane was added to
the centrifuge tube, the tube was vortexed for 2 more min, and
the hexane layer was dried over anhydrous sodium sulfate
prior to methyl ester analysis. 

CLA methyl ester analysis by GC. Methyl esters were ana-
lyzed by GC as described by Ma et al. (7) using an SP 2560
fused-silica capillary column (100 m × 0.25 mm i.d. × 0.2 µm
film thickness; Supelco Inc., Bellefonte, PA) with an FID
(model 3800, Varian, Walton Creek, CA). The samples were
injected in duplicate by an autosampler (AS 300; HTA s.r.1,
Brescia, Italy), and gas chromatograms were printed by the
data module printer (Waters, Milford, MA). Commercial
CLA methyl ester samples (Sigma) were used as standards.
The standards contained equal proportions of the cis 9,trans
11 CLA isomer and the trans 10,cis 12 CLA isomer, and trace
amounts of trans,trans CLA isomers. The standard CLA con-
centrations in hexane used for calibration were 0.005, 0.01,
0.03, 0.05, 0.07, and 0.1%. CLA concentrations were calcu-
lated by the following equation: internal standard concentra-

tion (5 mg)/internal standard peak area × peak area × relative
response factor. Plots of the cis 9,trans 11 and trans 10,cis 12
CLA isomers with photoisomerization time were produced. 

ATR-FTIR analysis of the photoisomerized soy oil. ATR-
FTIR spectra of soybean oil containing 0, 0.1, 0.25, and
0.50% iodine and photoisomerized for 0 to 120 h and a con-
trol spectrum of fresh soybean oil were obtained. Spectra
were collected by placing samples on a horizontal ATR 45°
ZnSe trough plate (Spectra-Tech Inc., Shelton, CT). The
trough plate was placed in a slide-mounted horizontal ATR
with prealigned fixed mirrors (Spectra-Tech Inc.), and ab-
sorbance spectra were obtained using a Nicolet Impact 410
spectrophotometer (Nicolet Analytical Instruments, Madison,
WI) in the range of 700 to 4000 cm−1. One hundred scans
were co-added to obtain a spectrum with 8 cm−1 resolution, 4
cm−1 data spacing, and 0.63 cm/s mirror velocity throughout.
Triplicate spectra were obtained for each sample. Differences
between the spectra were evaluated for hydroperoxides in the
range of 3400 to 3600 cm−1. 

1H NMR analysis of the photoisomerized soy oil. The sam-
ples were analyzed with an 1H NMR spectrometer (Avance
300; Bruker, Rheinstetten, Germany) operating at 300 MHz.
The acquisition parameters were as follows: spectral width,
6172.839 Hz; relaxation delay, 1 s; number of scans, 24; ac-
quisition time, 2 min 37 s; pulse width, 12.20 µs. The experi-
ments were carried out at 45°C. Samples were dissolved in
30% CDCl3 (w/w). Free induction decay data were Fourier
transformed and then phase corrected with MestRe-C soft-
ware (Beta version 3.8.9.0; MestRe-C, A Coruña, Spain) to
obtain the NMR spectra. Spectra were obtained for soybean
oil, soybean oil containing 100 ppm hexanal, and 120-h pho-
toisomerized soybean oil containing 0.25% iodine. The spec-
tra were observed for proton peaks of aldehyde carbonyl and
of hydroperoxides in the range of 8–12 ppm. 

Optimization of iodine and photoisomerization time by re-
sponse surface modeling. Iodine content and photoisomeriza-
tion time were optimized by the maximum desirability func-
tion of the response surface prediction profiler (JMP IN; SAS,
Cary, NC) for the maximum yield of cis 9,trans 11 CLA and
trans 10,cis 12 CLA.

RESULTS AND DISCUSSION

CLA methyl ester analysis by GC. Figure 1 shows the cis
9,trans 11 CLA isomer concentrations in soybean oil with
various concentrations of iodine and photoisomerization
times. The maximum yield of cis 9,trans 11 CLA of almost
0.6%, which is slightly more than that found in the dairy and
beef lipids, was formed in the soybean oil containing 0.25%
iodine after approximately 48 h of photoisomerization. The
0.25% iodine concentration produced more isomers than the
larger and smaller iodine doses, but in each case the optimal
amount of CLA was produced after about 48 h. Larger LSD
values were observed with CLA isomers from 0.25% iodine-
containing soybean oil than with the other isomers, a result
that could be due to the greater CLA levels. However, no sig-
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nificant increase in the CLA content was observed after 60 h
of photoisomerization at all iodine concentrations. There was
no significant difference in the CLA contents of the oils with
0.1 and 0.5% iodine concentrations until 60 h of photoisomer-
ization, but with 0.5% iodine, CLA isomer formation in-
creased after 60 h. 

No CLA isomer was formed with the 0% iodine control,
even when exposed to light for up to 120 h, suggesting that
the iodine photosensitizer was important for CLA formation.
However, experimental samples that contained iodine pro-

duced CLA at 0 time, likely due to accidental light exposure
prior to photoisomerization. 

Figure 2 shows the amount of trans 10,cis 12 isomer formed
during photoisomerization. This isomer formed in amounts al-
most equal to the cis 9,trans 11 CLA isomer for the same io-
dine concentration and photoisomerization time (Fig. 1).

Figure 3A shows the SP-2560 gas chromatogram of the
CLA standard (Sigma). The CLA standard contained 42% of
the cis-9,trans-11 CLA isomer and 44% of the trans-10,cis-
12 CLA isomer, and the peak retention times of the isomers
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FIG. 1. Cis 9,trans 11 CLA isomer content (%) in photoisomerized soybean oil with iodine as a
photosensitizer. The CLA isomer content in soybean oil was calculated on a soybean oil weight
basis, i.e., iodine content was subtracted. 

FIG. 2. Trans 10,cis 12 CLA isomer content (%) in photoisomerized soybean oil with iodine as
a photosensitizer. The CLA isomer content in soybean oil was calculated on a soybean oil
weight basis, i.e., iodine content was subtracted.



were 65.6 and 66.5 min, respectively. The soybean oil gas
chromatogram had a linoleic acid methyl ester peak at 57.6
min and a linolenic acid methyl ester peak at 63.8 min (Fig.
3B). In this chromatogram, peaks at retention times of 65.6
and 66.5 min were absent. The soybean oil gas chromatogram
was similar to that of the oil containing 0.25% iodine (Fig.
3C). 

Figure 3D shows the oil containing 0.25% iodine and pho-
toisomerized for 120 h. The soybean oil chromatogram had
the cis 9,trans 11 CLA isomer peak at a retention time of 65.6
min and the trans 10,cis 12 CLA isomer at 66.5 min. The
peak at 66.0 min could have been due to a cis,trans CLA iso-
mer.

Optimization of iodine and photoisomerization time by re-
sponse surface modeling. Table 1 shows the optimal iodine
concentration and photoisomerization time for individual iso-
mers and the total cis,trans CLA isomers as determined by
response surface methodology. The maximum amount of cis
9,trans 11 CLA isomer in soybean oil was 0.61% and re-
quired an optimal iodine concentration of 0.3% and 90 h of
photoisomerization. This concentration of cis 9,trans 11 iso-
mer was slightly greater than that present in beef and dairy

lipids (0.5%), the main dietary sources of CLA.
The concentration of cis,trans CLA formed in the present

study was found to be lower than that obtained from earlier
studies with methyl esters (9–12). In those studies, linoleic
acid methyl esters (5 to 10%) were dissolved in petroleum
ether or carbon disulfide and photoisomerized with light in
the presence of iodine. Seventy to 80% of the total methyl es-
ters were converted to conjugated isomers, and 25% of the
conjugated species were cis,trans isomers. The higher con-
centrations of cis,trans CLA isomers in earlier studies (9–12)
could have been caused by linoleic acid methyl esters being
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TABLE 1
CLA Isomer Concentration and the Optimal Iodine Concentration 
and Photoisomerization Time as Obtained with Response Surface
Methodologya

Optimal conditions

Isomer Photoisomerization
Isomer concentration (%) Iodine (%) time (h)

Cis 9,trans 11 CLA 0.61 0.33 90
Trans 10,cis 12 CLA 0.59 0.33 91
aJMP IN (SAS, Cary, NC).

FIG. 3. Partial gas chromatograms of the methyl esters of (A) the CLA standard, (B) soybean oil, (C) soybean oil containing 0.25% iodine and 0 h of
photoisomerization, (D) soybean oil containing 0.25% of iodine and 120 h of photoisomerization. Gas chromatograms were obtained with an SP-
2560 100-m fused-silica capillary column (Supelco, Bellefonte, PA) and FID (Varian, Walton Creek, CA). Peaks: 1, heptadecanoic acid methyl
ester; 2, linoleic acid methyl ester; 3, linolenic acid methyl ester; 4, cis 9,trans 11 CLA isomer; and 5, trans 10,cis 12 CLA isomer. 



present in a diluted form (5–10%) in the solvent, which may
have allowed greater light exposure. In our study, lower
yields of cis,trans CLA isomers in soybean oil could have
been due to the absence of solvent, the low surface area-to-
volume ratio of the oil in the beaker, and the lack of stirring.

ATR-FTIR analysis of photoisomerized soybean oil. Fig-
ure 4 shows the ATR-FTIR spectra of soybean oil containing
0.5, 0.25, 0.1, and 0% iodine and photoisomerized for 120 h.
No major peroxide peaks were observed in the range of 3400
to 3600 cm−1, suggesting no formation of peroxides even
after photoisomerization with a high-intensity mercury lamp
for 120 h. In the 3400 to 3600 cm−1 range, the ATR-FTIR
spectra of fresh soybean oil (0 h photoisomerized; 0% iodine)
was similar to that of soybean oil photoisomerized for 12 to
108 h (data not shown). 

1H NMR analysis of photoisomerized soy oil. The 1H NMR
spectra of soybean oil containing hexanal (100 ppm) showed
a peak at 9.4 ppm (Fig. 5B). Peaks were not observed in the
8–12 ppm range of the NMR spectra of soybean oil (Fig. 5A),
nor of oil containing 0.25% iodine and photoisomerized for
120 h (Fig. 5C). The absence of peaks indicates the absence
of aldehydes and hydroperoxides in the samples. The protons
of aldehyde carbonyl and hydroperoxide show peaks in the
8–12 ppm range of the 1H NMR spectra. This confirms the
results of the ATR-FTIR analysis of photoisomerized soybean
oil (Fig. 4). The characteristics of the remaining portions of
the NMR spectra for the three samples were similar (data not
shown).

In an earlier study conducted by Lee et al. (8), CLA FFA
were first synthesized from linoleic acid FFA, and CLA iso-
mers were then introduced into the soybean oil by lipase-cat-
alyzed interesterfication. However, they reported high oxida-
tion of the soybean oil and suggested adding rosemary extract

to inhibit oxidation. In our study no oxidation was found, as
determined by FTIR and NMR, and iodine could easily be re-
moved from the soybean oil by adsorption on activated carbon
(15,16). 

This study shows that CLA can be generated from soybean
oil by photoisomerization in the absence of a solvent. Al-
though CLA yields were low compared with an earlier study
with methyl esters, this difference may have been due to the
dilution of methyl esters (10%), whereas in our study the oil
was undiluted. Light penetration into the beaker may have
limited production of the CLA mainly to the surface of the
oil, so by varying the intensity of the mercury lamp and max-
imizing the exposure of the oil to light, higher yields of CLA
isomers may be produced. 
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FIG. 5. Partial 300-MHz 1H NMR spectra in the 8 to 12 ppm range of
(A) soybean oil, (B) 100 ppm of hexanal in soybean oil, and (C) soybean
oil containing 0.25% iodine and photoisomerized for 120 h. Samples
were dissolved in 30% CDCl3 (w/w). 



ABSTRACT: The reaction of methyl 11,12-E-epoxy-9Z-octa-
decenoate (1) with boron trifluoride etherate furnished a mix-
ture of methyl 12-oxo-10E-octadecenoate (3a) and methyl 11-
oxo-9E-octadecenoate (3b) in 66% yield. Methyl 9,10-Z-epoxy-
11E-octadecenoate (2) with boron trifluoride etherate furnished
a mixture of methyl 9-oxo-10E-octadecenoate (4a, 45%) and
methyl 10-oxo-11E-octadecenoate (4b, 19%). A plausible
mechanism is proposed for these reactions, which involves the
attack on the epoxy ring system by BF3, followed by deprotona-
tion, oxo formation, and double bond migration to give a mixture
of two positional α,β-unsaturated C18 enone ester derivatives
(3a/3b, 4a/4b). The structures of these C18 enone ester derivatives
(3a/3b, 4a/4b) were identified by a combination of NMR spec-
troscopic and mass spectrometric analyses.

Paper no. L9490 in Lipids 39, 583–587 (June 2004).

CLA are found in the fat of many herbivores, with levels as
high as 4.3% in beef tallow (1). In lamb and pork the levels
are about 1.2 and 0.12%, respectively, whereas in fish CLA
are found in trace amounts (0.01–0.09%) (2). Cow’s milk
contains about 2 to 37 mg/g of CLA (3). The CLA content of
human milk ranges from 1.9 to 5.8 mg/g fat (4–6).

The major isomers of CLA found in nature are 9Z,11E-
octadecadienoic acid [18:2(9Z,11E)] and 10E,12Z-octadecadi-
enoic acid [18:2(10E,12Z)], which are likely produced endoge-
nously from 11E-octadecenoic acid by ∆9-desaturase (7,8).

CLA have been found to be responsible for various bio-
activities in various animal models. These effects include anti-
carcinogen and antitumor properties (9–11), enhancement of
the production of whole-body protein accompanied by reduc-
tion of fat mass in mice (12–14), and an antiatherogenic effect
in hamsters (15).

Two important books on CLA have been published that re-
view many of the nutritional and biological aspects of CLA
including the oxidation, synthesis, and some of the spectro-
scopic properties of this unusual class of FA (16,17).

Except for the work on the oxidation of CLA (16), little
has been done on the chemistry of CLA. We have recently re-
ported the reactions of 18:2(9Z,11E) with various epoxidiz-
ing agents (18), which yield two mono-epoxy derivatives,
namely, methyl 11,12-E-epoxy-9Z-octadecenoate (1) and

methyl 9,10-Z-epoxy-11E-octadecenoate (2). This paper de-
scribes the reaction of these mono-epoxy derivatives with
boron trifluoride etherate complex, which leads to the produc-
tion of conjugated C18-enone (or keto-ene) fatty ester deriva-
tives. Several nonconjugated C18-enone FA from seed oils
have been reported: 7-oxo-11Z-octadecenoic acid (19–21), 9-
oxo-11Z-octadecenoic acid (22), 9-oxo-12Z-octadecenoic
acid (23,24), and 9-oxo-13Z-octadecenoic acid (25). To our
knowledge, no conjugated C18-enone FA has been found in
seed oils. However, methyl 12-oxo-10E-octadecenoate has
been prepared from methyl ricinoleate (methyl 12-hydroxy-
9Z-octadecenoate) (26,27). 

MATERIALS AND METHODS

Instrumentation. Column chromatographic separation was
performed on silica gel (Kieselgel 60, particle size
0.040–0.063 mm, 230–400 mesh ASTM, E. Merck No.
1.09385; Merck, Darmstadt, Germany) as the adsorbent using
gradient elution with a mixture of n-hexane/diethyl ether as
the mobile phase. IR spectra were recorded on a Bio-Rad
FTS-165 FT-IR spectrometer (Biorad Inc., Hercules, CA).
Samples were run as neat films on KBr plates. UV spectra
were recorded on a diode array spectrophotometer (model
8452A; Hewlett-Packard, Palo Alto, CA). All samples were
dissolved in dichloromethane. GC analysis was conducted on
a Hewlett-Packard gas chromatograph model 5890 equipped
with an FID and a Hewlett-Packard model HP3394A elec-
tronic integrator. The stationary phases of the columns were
cross-linked polyethylene glycol (30 m × 0.32 mm, 0.25 µm
film thickness) or cross-linked methyl silicone gum (30 m ×
0.32 mm, 0.25 µm film thickness). The column oven temper-
ature was maintained at 220°C. Helium was used as the mo-
bile phase at 2 mL/min. NMR spectra were recorded on a
Bruker Avance DPX300 (300 MHz) Fourier Transform NMR
spectrometer (Bruker, Fallanden, Switzerland) from solutions
in deuteriochloroform (CDCl3) (0.2–0.3 mM) with tetra-
methylsilane (TMS) as the internal reference standard. Chem-
ical shifts are given in δ-values in ppm downfield from TMS
(δTMS = 0 ppm). Mass spectral analyses were carried out on a
Finnigan MAT-95 (Finnigan Corp., San Jose, CA) under elec-
tron impact ionization at 20 eV. Compounds 1 and 2 were
synthesized by epoxidation of methyl 9Z,11E-octadeca-
dienoate with m-chloroperoxybenzoic acid as described else-
where (18).
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EXPERIMENTAL PROCEDURE

Reaction of 1 with boron trifluoride etherate. A mixture of 1
(180 mg, 0.58 mmol), boron trifluoride etherate (0.1 mL, 0.8
mmol), and chloroform (5 mL) was stirred for 2 h at room
temperature. Aqueous sodium hydrogen carbonate solution
(10% w/w, 10 mL) was added, and the reaction mixture was
extracted with diethyl ether (3 × 20 mL). The ethereal extract
was washed successively with water (2 × 10 mL) and brine
(20 mL), and then it was dried over anhydrous magnesium
sulfate. The filtrate was evaporated under reduced pressure,
and the residue was column chromatographed on silica gel
(15 g) using a mixture of n-hexane/diethyl ether (90:10,
vol/vol) as eluent to furnish a mixture of methyl 12-oxo-10E-
octadecenoate (3a) and methyl 11-oxo-9E-octadecenoate (3b)
(143 mg, 66%). Physical state: colorless oil. Spectral analysis
was conducted on the mixture of compounds 3a and 3b. IR
(neat): 1741 (s, ester C=O, str.), 1698 (s, oxo C=O, str.), 1630
(s, olefin CH=CHCO, str.), and 1172 (s, C=O, str.) cm−1; 1H
NMR (CDCl3, δH) 0.88 (t, J = 6.5 Hz, 3H, CH3), 1.30–1.31
(m, 14H, CH2), 1.42–1.48 (m, 2H, 8-H2 of 3a and 7-H2 of 3b),
1.55–1.62 (m, 4H, 3-H2/14-H2 of 3a and 3-H2/13-H2 of 3b),
2.20 (q, J = 7.2 Hz, 2H, 9-H2 of 3a and 8-H2 of 3b), 2.30 (t, J
= 7.5 Hz, 2H, 2-H2), 2.52 (t, J = 7.4 Hz, 2H, 13-H2 of 3a and
12-H2 of 3b), 3.66 (s, 3H, COOCH3), 6.08 (d, J = 15.9 Hz,
1H, 11-H of 3a and 10-H of 3b), and 6.82 (m, 1H, 10-H of 3a
and 9-H of 3b); 13C NMR (CDCl3, δC) 14.07 (C-18 of 3a),
14.10 (C-18 of 3b), 22.55 (C-17 of 3a), 22.66 (C-17 of 3b),
24.23/24.91 (C-3/C-13 of 3b), 24.34/24.93 (C-3/C-14 of 3a),
28.13 (C-8 of 3a), 28.16 (C-7 of 3b), 28.99, 29.03, 29.09,
29.13, 29.19, 29.20, 31.68 (C-16 of 3a), 31.77 (C-16 of 3b),
32.45 (C-9 of 3a), 32.49 (C-8 of 3b), 34.08 (C-2), 40.02 (C-
12 of 3b), 40.15 (C-13 of 3a), 51.45 (COOCH3), 130.35 (C-
10 of 3b), 130.39 (C-11 of 3a), 147.22 (C-10 of 3a), 147.40
(C-9 of 3b), 174.26 (C-1), 200.83 (C-11 of 3b), and 200.96
(C-12 of 3a). 

EI-MS of saturated (hydrogenated) 3a/3b, m/z (%): 313
(6) (M+ + 1), 312 (10) (M+), 281 (42) (M+ − OCH3), 242 (54)
(3a, McLafferty rearrangement ion), 227 (23) (3a, M+

− CH3(CH2)5), 213 (15) (3b, M+ − CH3(CH2)6), 210 (23) (3a,
McLafferty rearrangement ion), 142 (31) (3b, McLafferty re-
arrangement ion), 128 (100) (3a, McLafferty rearrangement
ion), 127 (18) (3b, M+ − (CH2)9COOCH3), 113 (45) (3a, M+

− (CH2)10COOCH3); high-resolution mass spectral analysis:
found, M+, 312.2664; C19H34O3 requires 312.2664.

Reaction of 2 with boron trifluoride etherate. A mixture of
2 (140 mg, 0.45 mmol), boron trifluoride etherate (0.1 mL,
0.8 mmol), and chloroform (5 mL) was stirred for 2 h at room
temperature. Aqueous sodium hydrogen carbonate solution
(10% w/w, 10 mL) was added, and the reaction mixture was
extracted with diethyl ether (3 × 20 mL). The ethereal extract
was successively washed with water (2 × 10 mL) and brine
(20 mL), and then it was dried over anhydrous magnesium
sulfate. The filtrate was evaporated under reduced pressure,
and the residue was column chromatographed on silica gel
(15 g) using a mixture of n-hexane/diethyl ether (90:10,
vol/vol) as eluent to give a mixture of methyl 9-oxo-10E-octa-

decenoate (4a) and methyl 10-oxo-11E-octadecenoate (4b)
(89 mg, 64%). Physical state: colorless oil. Spectral analysis
was conducted on the mixture of compounds 4a and 4b. IR
(neat): 1741 (s, ester C=O, str.), 1698 (s, oxo C=O, str.), 1630
(s, olefin CH=CHCO, str.), and 1172 (s, C=O, str.) cm−1; 1H
NMR (CDCl3, δH) 0.88 (t, J = 6.2 Hz, 3H, CH3), 1.26–1.40
(m, 14H, CH2), 1.43–1.49 (m, 2H, 13-H2 of 4a and 14-H2 of
4b), 1.51–1.60 (m, 4H, 3-H2/7-H2 of 4a and 3-H2/8-H2 of 4b),
2.21 (q, J = 6.8 Hz, 2H, 12-H2 of 4a and 13-H2 of 4b), 2.30
(t, J = 7.5 Hz, 2H, 2-H2), 2.52 (t, J = 7.4 Hz, 2H, 8-H2 of 4a
and 9-H2 of 4b), 3.66 (s, 3H, COOCH3), 6.08 (d, J = 15.9 Hz,
1H, 10-H of 4a and 11-H of 4b), and 6.77–6.87 (dt, J = 9.9,
15.9 Hz, 1H, 11-H of 4a and 12-H of 4b); 13C NMR (CDCl3,
δC) 14.10 (C-18), 22.55 (C-17 of 4b), 22.66 (C-17 of 4a),
24.24 (C-3), 24.35 (C-8 of 4b), 24.91 (C-7 of 4a), 28.16 (C-
13 of 4a and C-14 of 4b), 28.89, 29.00, 29.04, 29.09, 29.13,
29.19, 31.68 (C-16 of 4b), 31.77 (C-16 of 4a), 32.46 (C-13 of
4b), 32.49 (C-12 of 4a), 34.08 (C-2), 40.03 (C-8 of 4a), 40.16
(C-9 of 4b), 51.46 (COOCH3), 130.35 (C-10 of 4a), 130.39
(C-11 of 4b), 147.24 (C-12 of 4b), 147.42 (C-11 of 4a),
174.27 (C-1), and 200.87 (C-9 of 4a and C-10 of 4b). 

RESULTS AND DISCUSSION

Epoxidation of methyl 9Z,11E-octadecadienoate with m-
chloroperoxybenzoic acid gave a mixture of mono-epoxy de-
rivatives (namely, 1, 2) and a diepoxy derivative (methyl
9,10-Z;11,12-E-diepoxy-stearate) (18). These epoxy deriva-
tives could be separated by silica column chromatography
into pure components.

Reaction of 1 with BF3-Et2O furnished a main fraction (3a/
3b, Rf = 0.4, n-hexane/diethyl ether, 4:1 vol/vol, as developer,
66% yield) by silica column chromatographic separation. GC
analysis gave a single peak of an ECL (28) value of 27.6 on
cross-linked polyethylene glycol and an ECL value of 20.6 on
cross-linked methyl silicone gum. 

The IR spectrum provided proof of the presence of a con-
jugated enone system from the absorption bands at 1630
(olefin CH=CHCO, str.) and 1698 (oxo C=O, str.) cm−1. The
UV spectrum confirmed the α,β-unsaturated oxo system from
the absorption band at λmax of 237 nm (ε = 14,100).

To determine the positions of the oxo groups in the product
mixture of 3a/3b, a portion of this mixture was hydrogenated
over palladium on charcoal to give a mixture of oxo-stearate
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FIG. 1. Mass spectral fragmentation of (A) methyl 12-oxo-octadecanoate
and (B) methyl 11-oxo-octadecanoate.



isomers. Mass spectral analysis showed the oxo group to be ei-
ther at the C-11 (methyl 11-oxo-octadecanoate) [from the frag-
ment ions at m/z = 127 (18%), 213 (15%), and 142 (McLafferty
rearrangement ion, 31%)] or at the C-12 (methyl 12-oxo-
octadecanoate) [from m/z = 113 (45%), 227 (23%), and 242
(McLafferty rearrangement ion, 54%)] position (Fig. 1). From
the intensity of the peaks, it could be ascertained that the ratio
of compounds 3a/3b was about 3:2.

When the mixture of 3a/3b (conjugated enones as con-
firmed by IR and UV spectral data as described above) was
subjected to mass spectral analysis, it could be rationalized
from the fragmentation pattern that the fragment ions at m/z =
113 (95%), 139 (50%), and 225 (10%) arose from the frag-
mentation of 3a (methyl 12-oxo-10E-octadecenoate), whereas
the less intense fragment ions at m/z = 153 (31%) and 211
(25%) arose from the fragmentation of compound 3b (methyl
11-oxo-9E-octadecenoate) (Fig. 2).

The high-resolution mass spectral analysis of 3a/3b gave a
molecular ion M+ = 310.2512, which agreed with the calcu-
lated mass of 310.2508 for a C18 enone methyl ester of mo-
lecular formula C19H34O3. 

The 1H NMR spectrum showed the presence of an olefinic
system from the signals at δH 6.08 (d, 1H, J = 15.9 Hz) and
6.82 (m, 1H), which were coupled to the carbon shifts at δC
130.35/130.39 and 147.22/147.40 in the 13C-1H COSY NMR
spectrum, respectively. The characteristic coupling constant
(J) of 15.9 Hz of the olefinic protons and the appearance of
carbon signals at δC 32.45/32.49 in the 13C NMR spectrum
showed the olefinic system in the E-configuration. The car-
bon shifts at δC 200.83/200.96 were indicative of the presence
of an oxo group. The methylene groups adjacent to the oxo
group appeared at δC 40.02 and 40.15, and were coupled to
the protons signals at δH 2.52 (t, 2H J = 7.4 Hz) in the 13C-1H
COSY NMR spectrum. The spectral properties were in agree-
ment with data reported by Pasha and Ahmad (26). The ob-
servation of close pairs of signals in the 13C NMR spectrum
for the allylic methylene carbon nuclei adjacent to the E-
olefinic system (at δC 32.45/32.49) and for oxo carbon atoms
(at δC 200.83/200.96) and for the olefinic carbons (at δC
130.35/130.39 and δC 147.22/147.40) was a firm indication
of the presence of two positional isomers in the reaction prod-
uct. The ratio of 3a/3b was in the order of 3:2, based on the
relative intensities of the olefinic carbon atom signals

(130.39/130.35 = 3:2 and δC 147.22/147.40 = 3:2) in the 13C
NMR spectrum.

In view of the fact that the mixture of 3a/3b was composed
of methyl 12-oxo-10E-octadecenoate and methyl 11-oxo-9E-
octadecenoate, it was necessary to confirm at least one of
these two isomers by an authentic sample. Hence, a pure sam-
ple of methyl 12-oxo-10E-octadecenoate was prepared from
methyl ricinoleate (methyl 12-hydroxy-9Z–octadecenoate)
(29). With reference to the proton and carbon shifts of the
pure sample of methyl 12-oxo-10E-octadecenoate, the proton
and carbon signals arising from compound 3a in the mixture
of 3a/3b could be readily identified (by assigning the more
intense signals to compound 3a, as the ratio of 3a/3b was
found to be 3:2 as described above). This allowed the signals
for compound 3b also to be identified as shown in the Exper-
imental Procedures section.

Gunstone and his coworkers (30) studied the reactions of
nonconjugated epoxyoctadecenoate and diepoxyoctadec-
anoate with BF3-Et2O to yield furanoid esters, dioxo-stearate,
bicyclic ketals, and hydroxy cyclic ethers. However, the
mechanism leading to these products was not discussed. We
propose a plausible mechanism for the reaction between com-
pound 1 and boron trifluoride as outlined in Scheme 1. Boron
trifluoride, acting as a Lewis acid, attacks the oxygen atom of
the epoxy system and causes the ring to open at either the C-
11 or C-12 position of the alkyl chain. When ring opening oc-
curs at C-12, an allylic carbocation is formed. Deprotonation
at C-12 occurs, which gives rise to a conjugated diene inter-
mediate. The oxo group is formed at the C-12 position with
the double bond migrating to the C-10/C-11 position. Com-
pound 3a is formed as the dominant product. When the epoxy
ring opens at the C-11 position of the alkyl chain instead, a
less stable carbocation is formed as compared with the allylic
carbocation. A 1,2-hydride transfer from C-11 to C-12 fol-
lows to give rise to an initial cis-enone intermediate, which
isomerizes to yield compound 3b. This mechanism is sup-
ported by the acid-catalyzed reaction of epoxides as described
by Fujimoto et al. (31), Pocker and Ronald (32), and Bach
and Domagala (33).

Reaction of 2 with BF3-Et2O gave a major fraction (Rf =
0.4, n-hexane/diethyl ether, 4:1 vol/vol, as developer; 64%
yield) by silica column chromatography. Following a similar
interpretation of the spectroscopic and spectrometric results
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FIG. 2. Mass spectral fragmentation of methyl 12-oxo-10E-octadecenoate (3a) and methyl 11-
oxo-9E-octadecenoate (3b).



as described above for the identification of compounds 3a and
3b, the products from the reaction of 2 with BF3-Et2O were
identified as 4a and 4b in a ratio of ca. 7:3. The formation of
these products would follow the same proposed reaction
mechanism as described for compound 1 (Scheme 1).

In summary, fatty esters with an allylically positioned
epoxy system, such as compounds 1 and 2, are readily con-
verted to a mixture of α,β-unsaturated trans-enone fatty ester
isomers by boron trifluoride etherate.
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ABSTRACT: Lipoprotein(a) [Lp(a)] represents a class of lipo-
protein particles having as a protein moiety apoB-100 linked
by a single disulfide bond to apolipoprotein(a) [apo(a)], a multi-
kringle structure with a high degree of homology with plas-
minogen. A recognized feature of Lp(a) is its instability on storage
caused by attendant protein and lipid modifications that affect
the structural, functional, and immunological properties of this
lipoprotein. Here we present data showing that, under appro-
priate conditions of cryopreservation, Lp(a) retains the proper-
ties of the freshly isolated product, and we provide examples
supporting the stability of this cryopreserved product as a
primary standard in immunoassay settings and in cell culture
systems. 

Paper no. L9510 in Lipids 39, 589–593 (June 2004).

Lipoprotein(a) [Lp(a)] is known to be unstable on storage,
either in the plasma or after isolation (1,2). This problem,
which is common to apolipoprotein B-100 (apoB-100)-
containing lipoproteins, is heightened in the case of Lp(a) by
the fact that apoB-100 is linked covalently to apolipo-
protein(a) [apo(a)], a multikringle structure that itself is
prone to modifications (3). Like apoB-100, apo(a) can be
modified by oxidative and proteolytic events, particularly by
the action of enzymes of the elastase and metalloproteinase
families (4). Moreover, like LDL, Lp(a) may be modified by
oxidative and lipolytic events (4). Given this ready procliv-
ity to degradation, the preservation of Lp(a) stability on stor-
age is an important issue when studying this lipoprotein, both
from a structural and from a biological standpoint. We re-
ported previously that Lp(a), stored in a lyophilized state in
the presence, but not in the absence, of an appropriate cryo-
preservative (sucrose), retains the properties of the non-
lyophilized product upon reconstitution in aqueous buffers
(5). Those observations prompted us to investigate whether
lyophilized Lp(a) [lyo-Lp(a)] can serve as an all-around
reagent and be an effective substitute for a freshly isolated
product. In the current study we focused our attention on the

use of lyo-Lp(a) in three areas: (i) as a primary standard in
immunochemical analyses; (ii) its reactivity to a monoclonal
antibody known to react against phosphorylcholine (6) and
functionally identical to autoantibody EO6, which reacts
against lysine-oxidized (ox) phospholipid adducts (7); and
(iii) its ability to stimulate interleukin 8 (IL-8) production in
cultured human macrophages (8). The results of these stud-
ies, acknowledged in the Official Report of the Lp(a) Study
Group (9), are the subject of this report. 

EXPERIMENTAL PROCEDURES

Chemicals and reagents. Materials were purchased from the
following sources: Cyanogen bromide-Sepharose 4B, ε-
aminocaproic acid, (4-amidinophenyl)-methanesulfonyl fluo-
ride (APMSF), PMA, EDTA, L-lysine, β-mercaptoethanol,
BHT formamide, and formaldehyde were from Sigma Chemical
Company (St. Louis, MO). Kallikrein inactivator (KI) was pur-
chased from Calbiochem Co. (San Diego, CA). M.W. standards
were from Pharmacia-LKB (Alameda, CA). Immobilon-P
membranes were from Millipore (Bedford, MA), and an en-
hanced chemiluminescence kit (ECL Western Blotting Detec-
tion kit) was from Amersham (Arlington Heights, IL). All the
tissue culture reagents were obtained from Life Technologies,
Inc. (Grand Island, NY) and were of low endotoxin grade.
Nuclease-free water and the RNAse-free plasticware were
from Ambion, Inc. (Austin, TX). All other chemicals were of
reagent grade. 

Polyclonal antisera. Rabbit affinity-purified antibodies 
to Lp(a), apo(a), and LDL were prepared as described 
previously (10). Anti-Lp(a) and anti-apo(a) did not react
against LDL or plasminogen, and anti-LDL was unreactive
to apo(a). 

T-15 monoclonal antibody. The mouse myeloma B cell line
AB1-2 was obtained from the American Type Culture Collection
(ATCC number HB-33) and propagated in the Immunology Core
Laboratory of the University of Chicago, which also attended to
the purification of the monoclonal antibody and isotyped it as
IgG1. This monoclonal antibody is identical in specificity to the
monoclonal idiotype EO6 (11), which we have recently shown to
react with the ox-phospholipid–lysine adducts present both in
freshly prepared Lp(a) and in free apo(a) isolated from it (7). 
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Isolation of Lp(a) from plasma. We used healthy male
donors with levels of Lp(a) expressed as protein [apoB-100
plus apo(a)] of 10–30 mg/dL having a single apo(a) size iso-
form. To prevent lipoprotein degradation, the plasma obtained
by plasmapheresis was adjusted with 0.15% EDTA, 0.01%
NaN3, 10,000 U/L KI, and 1 mM APMSF. Lp(a) was isolated
by sequential ultracentrifugation and lysine-Sepharose chro-
matography as described previously (12). The purity of the
product was assessed by mobility on precast 1% agarose gels
(Ciba-Corning, Palo Alto, CA) and Western blots of SDS-
PAGE using anti-Lp(a) and anti-apoB-100. Blood donors
signed an informed consent form approved by the Institu-
tional Review Board of the University of Chicago.

Phenotyping of apo(a). Apo(a) phenotyping was per-
formed on either reduced plasma, isolated apo(a), or Lp(a)
samples by SDS-PAGE, followed by immunoblotting using
anti-Lp(a). The mobility of the individual apo(a) bands was
compared with isolated apo(a) isoforms of known M.W.
Some of the standards consisting of number-based recombi-
nant apo(a) kringle IV were a gift from Dr. Eduardo Angles-
Cano (INSERM U.143, Paris, France).

Storage studies. The freshly isolated Lp(a) was dialyzed
against 10 mM phosphate buffer, pH 7.2, containing 1 mM
EDTA and 0.02% NaN3. Each preparation was stored at 4°C
in 1-mL airtight vials. 

Lyophilization step. Before lyophilization, fresh Lp(a)
was dialyzed against 8 L of 5 mM NH4HCO3, after which
sucrose (5% final) was added as described previously (5),
lyophilized, and then stored at –20°C, both in 500-µL vials
containing 1 mg Lp(a) protein/mL (destined for small-scale
studies) and 1.5 mL vials having the same Lp(a) protein con-
centration (destined for large-scale studies). 

Reconstitution step. Prior to use, the lyophilized samples
were reconstituted using the desired buffer, sterile filtered, and
either studied immediately or stored at 4°C in airtight sterile
vials. For the purpose of quantification by ELISA, we saw no
need to remove the sucrose from the sample because of the
high dilutions (>100-fold) required for the assay. The reconsti-
tution buffer was 10 mM PO4, pH 7.4, containing 1 mM EDTA,
0.02% NaN3, and 1 mM APMSF. For other purposes, where
sucrose could have represented a confounding factor, the cry-
opreservative was removed by dialysis against a total volume
of 8 L of the desired buffer. In every instance, the reconstituted
samples were sterile filtered before use.

Lp(a) quantification. Lp(a) was quantified in terms of pro-
tein, i.e., apoB plus apo(a), by a sandwich ELISA essentially
as described previously (10), except that affinity-purified
polyclonal antibodies from rabbit were used for capture [anti-
Lp(a) IgG] and anti-apoB-100 IgG was conjugated to alkaline
phosphatase for detection. The values were expressed in
mg/dL. In the initial studies, as a primary standard, we used a
freshly purified Lp(a) in which the total protein mass was de-
termined using the Bio-Rad DC Protein assay (Bio-Rad, Her-
cules, CA). The freshly reconstituted lyo-Lp(a) was calibrated
against the primary standard and an internal reference plasma
sample with a known Lp(a) protein concentration that favor-

ably matched the internal standard sample kindly provided by
Dr. Santica Marcovina of the Department of Medicine of the
University of Washington, Seattle (see the Results section for
more details). In our format, the assay was unaffected by
apo(a) size. 

Electrophoretic methods. SDS-PAGE (4% polyacrylamide)
was performed on a Novex system (Novex, San Diego, CA) for
1.5 h at constant voltage (120 V) at 22°C as described previously
(5). Immediately after electrophoresis, the gels were placed onto
Immobilon-P sheets (Millipore Corp.) that were previously wet-
ted with a buffer containing 48 mM Tris and 39 mM glycine, pH
8.9. Blotting was performed on a horizontal semidry electroblot
apparatus (Pharmacia-LKB) at 0.8–1 mA/cm2 for 45 min at
room temperature.

Agarose gel electrophoresis was carried out on Agarose
Universal Electrophoresis film (Ciba Corning Diagnostics
Corp., Alameda, CA). After electrophoresis, the lipoproteins
were fixed and stained with Fat Red 7B.

Immunoblotting. After electroblotting, the Immobilon-P
blots were blocked in PBS containing 5% nonfat dry pow-
dered milk and 0.3% Tween 20, followed by incubation with
anti-Lp(a) or anti-apoB antibody. The blots were washed and
incubated with anti-rabbit horseradish peroxidase-labeled
IgG. Subsequently, the blots were developed with the ECL
Western Detection Reagent according to the manufacturer’s
instructions.

Detection of ox-products with the IgG1 monoclonal anti-
body T-15 was performed by first blocking the Immobilon-P
sheets with SuperBlock (Pierce, Rockford, IL) for 1 h at
23°C, followed by incubation for 18 h at 4°C with T-15 in
10% SuperBlock after washing (three times at 15 min each)
(7). The membranes were visualized as described except that
goat anti-mouse IgG peroxidase-conjugated antibodies were
used. 

Cell culture studies. We used THP-1 monocytes trans-
formed into macrophages by PMA as described in our previ-
ous studies (8). After 72 h, the cells were washed once with
RPMI 1640 serum-free medium and incubated with a new
aliquot of the serum-free medium for 16 h. At this point,
the medium was replaced with a fresh serum-free medium
containing indicated amounts of either fresh or lyophilized
samples for the indicated period of time. At the end of the
incubation period, the cells were immediately processed for
the isolation of RNA as described next. The supernatants
from each well were collected, centrifuged to eliminate de-
bris, and either used for determination of the concentration of
IL-8 by ELISA or frozen at –20°C until further analysis. All
the experiments were conducted in duplicate and were re-
peated at least twice. 

Analysis of RNA. Total cellular RNA was isolated using the
Trizol reagent (Life Technologies). Quality of the RNA prepa-
rations was verified by 1% denatured formaldehyde agarose
gel electrophoresis as described by Sambrook et al. (13). 

For Northern blot analysis, 10 µg of total RNA as fraction-
ated by 1% denatured formaldehyde agarose gel electrophoresis
and blotted onto a Zeta Probe Nylon membrane (Bio-Rad) by
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capillary transfer according to the manufacturer’s instructions.
After cross-linking with UV irradiation (Stratalinker model
2400; Stratagene, La Jolla, CA), the membranes were hy-
bridized with a human radiolabeled IL-8 probe (289 bp),
stripped, and subsequently hybridized with a human radio-
labeled glyceraldehyde-3-phosphate-dehydrogenase (G3PDH)
probe (983 bp). For preparation of the hybridization probes, total
RNA isolated from THP-1 cells was subjected to reverse tran-
scriptase-PCR by using the Super Script One-Step kit from Life
Technologies under the conditions described previously (8) and
the corresponding PCR primers from Clontech (Palo Alto, CA)
as described previously (8).

Hybridization and washes were performed as recom-
mended by the manufacturer of the membrane (Bio-Rad).
After autoradiography, the signals were quantified by densito-
metric analysis (ImageQuant software, version 3.3; Molecu-
lar Dynamics, Sunnyvale, CA), and the relative mRNA level
of IL-8 was normalized against that of G3PDH.

Determination of the IL-8 concentration in culture media.
The amount of IL-8 released in the media was assessed by
ELISA (Biosource International, Camarillo, CA) according
to the manufacturer’s instructions. All of the measurements
were conducted in triplicate.

RESULTS

Lyo-Lp(a) as a primary standard. Lyo-Lp(a) was reconsti-
tuted with 10 mM PO4 buffer, pH 7.4, containing 1 mM
EDTA, 0.02% NaN3, and 1 mM APMSF. Once sterile filtered,
the sample was diluted so that the final protein concentration
was in the range of the fresh Lp(a) preparation, as determined
by the Bio-Rad assay. The ELISA used fresh Lp(a) as a pri-
mary standard and a plasma reference sample of a known
Lp(a) protein concentration. These studies showed an equiva-
lent performance between fresh and lyo-Lp(a) and an excel-
lent agreement between the expected theoretical and ELISA
values (5). Therefore, the subsequent studies were carried out
using lyo-Lp(a) as the sole primary standard. The results in
Figure 1 show that the Lp(a) concentrations of three internal
plasma reference samples remained within two SD of the
mean for 30 mon, the limit of our observation.

Reactivity of lyo-Lp(a) to monoclonal T-15. We previously
reported that Lp(a) reacts with EO6, the natural monoclonal au-
toantibody that recognizes the oxidized PC group linked as a
Schiff base to apo(a) (7). In this study we used monoclonal auto-
antibody T-15, which has been shown to have immunological
properties similar to that of EO6. The results in Figure 2 pro-
vide evidence that both fresh Lp(a) (lane 3) and its lyophilized
counterpart (lane 1) reacted against T-15. Moreover, this re-
activity was retained even after storage of reconstituted
Lp(a) for 6 mon (lane 2). No later studies were conducted.

Stimulation of IL-8 production in THP-1 macrophages by
lyo-Lp(a). THP-1 macrophages were incubated separately
with fresh Lp(a) and reconstituted lyo-Lp(a) and then evalu-
ated for the level of IL-8 expression by both Northern blot
analysis and IL-8 protein concentration in the medium by

ELISA. As shown in Figure 3, treatment of the THP-1
macrophages with either Lp(a) preparation resulted in a com-
parable stimulation of both IL-8 mRNA and the secretion of
IL-8 into the culture medium, namely, about a twofold in-
crease over the control cells that were incubated with only
medium.

DISCUSSION

The present studies provide evidence that lyo-Lp(a), when
reconstituted in appropriate aqueous buffers, behaves as its
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FIG. 1. Lipoprotein(a) [Lp(a)] protein concentrations of the plasma samples
used as internal standards determined as a function of time using the ELISA
as described in the Experimental Procedures section. Lyophilized Lp(a)
[lyo-Lp(a)] was reconstituted in 10 mM PO4, pH 7.4, containing 1 mM
EDTA, 0.02% NaN3, and 1 mM (4-amidinophenyl)-methanesulfonyl fluo-
ride (APMSF), sterile filtered, stored at 4°C, and used as a primary stan-
dard. The three plasma samples used as internal standards were obtained
from normal healthy donors and stored at –80°C in small aliquots. Panels
A, B, and C refer to the three different donors and give mean Lp(a) protein
levels of 1.61, 6.75, and 7.72 mg/dL, respectively.



nonlyophilized counterpart in the immunological and biolog-
ical systems examined. As shown in Figure 1, lyo-Lp(a) ef-
fectively served as a primary standard in immunoassays di-
rected at the quantification of Lp(a) over a 2-yr period. This
documentation of stability is of particular importance since
the lack of a stable primary standard has been among the limit-
ing factors in Lp(a) assay performance and reproducibility (9).
The theoretically indefinite shelf life of lyo-Lp(a) also offers
the advantage that it reduces the bleeding frequency of human

Lp(a) donors and ensures the availability of a viable Lp(a)
from subjects not available for long-term follow-up. More-
over, the storage flexibility of lyo-Lp(a), including at room
temperature, markedly facilitates sample handling and ship-
ping options. 

In a previous study we showed parallel behavior between lyo-
Lp(a) and its nonlyophilized counterpart in terms of ultracen-
trifugal, electrophoretic, lysine-binding, and immunochemical
behavior as well as the ability to generate free apo(a) (5). Those
data, coupled with the current findings, support the conclusion
that lyophilization, in the presence of a cryopreservative such as
sucrose, does not significantly affect the structural and functional
properties of Lp(a). This conclusion is corroborated by the cur-
rent observation that lyo-Lp(a), like the nonlyophilized product,
reacts with T-15, a monoclonal antibody shown previously to be
identical in immunological properties to monoclonal EO6 (11),
which, in turn, specifically recognizes ox-phospholipid–lysine
adducts in apo(a) kringle V (7). These observations provide an
exquisite example of epitope preservation in apo(a) made possi-
ble by the lyophilization procedure used in this study. They are
of biological importance in that lyo-Lp(a), like untreated Lp(a),
in cultured THP-1 macrophages stimulates the production of
IL-8, a process that, according to our previous studies (7), in-
volves kringle V, likely via ox-phospholipid adducts. 

Variability in results within and outside laboratories has
been a recognized problem for those working in the Lp(a) field
(9). This variability may be attributable to differences in the
structural properties of the Lp(a) preparations used. However,
other factors might play a role, including inadequate storage
and inadequate knowledge of the properties of Lp(a), both pre-
ventable issues, as indicated by the results of the current study. 
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ABSTRACT: A new approach is described for the synthesis of
the cardiolipin family of phospholipids that uses phosphonium
salt methodology. The method involves the reaction of 2-O-pro-
tected glycerol with a trialkyl phosphite derived from 1,2-diacyl-
sn-glycerol in the presence of pyridinium bromide perbromide
and triethylamine to afford the phosphoric triesters. The synthe-
sis involves three steps and allows the preparation of a wide
range of cardiolipins with different substitution patterns and
chain lengths, including unsaturated derivatives. The use of inex-
pensive protecting groups and the ease of purification facilitate
this synthetic route and allow its scale-up in a higher overall yield
(72%) than the literature methods.

Paper no. L9491 in Lipids 39, 595–600 (June 2004).

The ready availability of chemically well-defined complex
lipids is important to many areas of biomedical research.
Phospholipids are involved in a wide range of physiological
and bioregulatory processes (1,2). Some of the most potent
lipid compounds occur in very low concentrations in the cell
such that the preparation of synthetic derivatives represents a
clear prerequisite to the elucidation of their biochemical
mechanism of action. These compounds are required for both
structural and dynamic studies of biomembranes, with partic-
ular emphasis on establishing structure–activity relationships
with respect to phospholipid–protein interactions. Cardiolipin
(CL), also known as diphosphatidylglycerol (Scheme 1),
constitutes a class of complex anionic phospholipids charac-
terized by the type and distribution of FA; CL is typically pu-
rified from cell membranes of tissues associated with high
metabolic activity, including the mitochondria of heart and
skeletal muscles (3,4). CL is integral to the normal function-
ing of mitochondrial electron transport and energy metabo-
lism. The presence of CL in mitochondrial inner membranes
suggests that it is involved in site-directed structure–function
relationships with mitochondrial transporters and electron
transfer complexes (5–8). Modification of the FA composi-
tion of CL would exert a major impact on phospholipid pack-
ing and interaction with proteins in the bilayer. CL present in
mitochondrial membranes mediates the targeting of tBid to
mitochondria through a three-helix domain in tBid, implicat-
ing CL in the pathway for the release of cytochrome c (9). CL

is utilized in drug delivery systems in the form of liposomes
(10) to enhance the therapeutic efficacy of antitumor drugs.
The encapsulation of chemotherapeutic agents (11) in a
macromolecular carrier, such as liposomes, significantly re-
duces the distribution volume and thereby increases the con-
centration of drug in the tumor. This results in a decrease in
the amount and types of nonspecific toxicities and in an in-
crease in the amount of drug that can be effectively delivered
to the tumor. Under optimal conditions, the drug is carried
within the liposomal aqueous space while in circulation but
leaks at a sufficient rate to become bioavailable on arrival at
the tumor. The liposome protects the drug from metabolism
and inactivation in the plasma and, because of size limitations
in the transport of large molecules or carriers across the
healthy endothelium, the drug accumulates to a reduced ex-
tent in healthy tissues. The potential effects of the length and
nature of CL FA chains (i.e., saturated or unsaturated) on li-
posome aggregation have not been elucidated. We are devel-
oping CL-containing liposome-based formulations of a broad
spectrum of therapeutic agents ranging from difficult-to-
formulate, water-insoluble drugs to delivery of molecules to
intracellular targets. Although long-chain CL is available
from natural resources and through semisynthetic methods,
CL with short-chain FA is as yet unknown.

The most general methods used for the chemical synthesis
of CL involve phosphatidic acids (PA) (1) and phosphatidyl-
glycerols (PG) (2) (Scheme 2). Selective phosphorylation of
the primary alcohol group of PG with PA either by a semi-
synthetic method (by enzymes) (12) or by condensation of PG
or 2-O-protected glycerols with PA in the presence of 2,4,6-
triisopropylbenzenesulfonyl chloride (13–16) will result in
protected CL. Other synthetic approaches describe the use of
phosphorylating agents such as cyclic enediol pyrophosphates
(17–19), silver salts of PA (20–22), phosphorus oxychloride
(23), and 2-chlorophenyl phosphorodi-(1,2,4-triazolide) (24).
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Although these methods are suitable for the preparation of
small quantities of CL, those are unattractive for the routine
preparation of larger quantities because of the many steps in-
volved, the requirement for careful purification of intermedi-
ates, and the use of highly photosensitive silver salt deriva-
tives and unstable iodo intermediates. The phosphotriester ap-
proach, which involves reactive phosphoryl [O=P(V)] species
and the phosphoramidite method (25–27) involving [P(III)]
derivatives, has been used widely in the synthesis of oligonu-
cleotides and phospholipids. However, the use of phosphate
triesters in preparing phospholipids such as CL having vary-
ing FA chain lengths is not well established. As part of our on-
going research toward the synthesis of CL and its analogs
(28,29), we have developed a concise and convenient alternate
synthetic methodology for CL synthesis based on phosphite
chemistry. Herein we report the versatility of this method as
exemplified by the synthesis of saturated (lauroyl) CL (Scheme
3) and unsaturated (oleoyl) CL (Scheme 4) as well as ether
analogs having FA chains ranging from C6 to C18.

EXPERIMENTAL PROCEDURES

Melting points were determined at atmospheric pressure and
were uncorrected. 1H, 13C, and 31P NMR spectra were recorded
using a Varian Inova (500 MHz) NMR spectrometer at 500,
125, and 100 MHz, respectively. 1H chemical shifts are in ppm
from internal tetramethylsilane. 13C chemical shifts are reported
in ppm relative to CDCl3 (77.0 ppm). For 31P the external stan-
dard was 85% H3PO4 calibrated to 0 ppm. Mass spectral analy-
ses (electron spray ionization, ESI) were carried out on an
API 4000 Triple Quadruple LC-MS-MS mass spectrometer
(Applied Biosystems). IR spectra were recorded on a Nicolet
Nexus 470 FTIR spectrophotometer. Samples were prepared by
the attenuated total reflectance (ATR) method. TLC was carried
out on Merck silica gel 60 F254 plates (250 µm; Merck, Darm-
stadt, Germany) and developed with the appropriate solvents.
The TLC spots were visualized with either UV light or by heat-
ing plates stained with a solution of phosphomolybdic acid (5%
ethanolic solution) or spraying with molybdenum blue (Sigma
Chemical Co., St. Louis, MO). Flash column chromatography
was carried out on silica gel (230–400 mesh). All chemicals
were purchased from Aldrich Chemical Co. (Milwaukee, WI)
except for 1,2-dilauroyl-sn-glycerol (Genzyme Pharmaceuti-
cals, Cambridge, MA) and 1,2-O-dioleoyl-sn-glycerol (Avanti
Polar Lipids, Alabaster, AL). All of the extracts were dried over
anhydrous Na2SO4. Dichloromethane and THF were used
without drying.

2-Benzyl-1,3-bis[(1,2-dilauroyl-sn-glycero-3)-phosphoryl]
glycerol dibenzyl ester (6). To a solution of 1,2-dilauroyl-sn-
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glycerol 3 (10.0 g, 21.92 mmol) and tetrazole (58.4 mL of
0.45 M solution in acetonitrile, 26.3 mmol) in 80 mL anhy-
drous CH2Cl2, dibenzyl diisopropyl phosphoramidite (8.32 g,
24.12 mmol) was added and stirred at room temperature for 1 h.
The contents were diluted with 200 mL of CH2Cl2, washed
with 5% aqueous NaHCO3 (2 × 50 mL) and then with brine
(2 × 50 mL), dried over Na2SO4, and concentrated in vacuo.
The oily residue 4 (7.68 g) was then dried in a desiccator for
8 h and used as such in the next reaction.

A solution of the aformentioned phosphite 4, 2-benzyloxy-
1,3-propanediol 5 (1.6 g, 8.77 mmol), pyridine (10.62 mL,
131.52 mmol), and Et3N (9.1 mL, 65.76 mmol) in CH2Cl2
(140 mL) was cooled to –40°C, and pyridinium tribromide
(10.52 g, 32.88 mmol) was added at once. The mixture was
stirred at the same temperature for 1 h, gradually allowed to
attain room temperature over a period of 2 h, and then treated
with water (30 mL). The contents were diluted with EtOAc
(250 mL), and the organic layer was washed successively
with aqueous 5% NaHCO3 (2 × 50 mL), water (50 mL), and
brine (50 mL), after which it was dried (Na2SO4) and concen-
trated. The residue was purified on SiO2 (8% acetone in
CH2Cl2) to give 9.84 g (80%) of 6 as a colorless syrup. TLC
(SiO2) hexane/EtOAc (3:2) Rf ~ 0.44. 1H NMR (CDCl3, 500
MHz): δ 0.88 (t, J = 7.0 Hz, 12H), 1.22–1.34 (m, 64H),
1.52–1.66 (m, 8H), 2.22–2.29 (m, 8H), 3.70–3.78 (m, 1H),

4.01–4.16 (m, 10H), 4.22–4.28 (m, 2H), 4.60 (d, J = 7.8 Hz,
2H), 5.01–5.05 (m, 4H), 5.15–5.18 (m, 2H), 7.28–7.36 (m,
15H).

1,3-Bis[(1,2-dilauroyl-sn-glycero-3)-phosphoryl] glycerol
diammonium salt (7). A solution of protected CL 6 (6.0 g,
4.28 mmol) in THF (50 mL) was hydrogenated at 50 psi over
10% Pd/C (800 mg) for 10 h. The catalyst was filtered off
over a bed of Celite, treated with 5 mL of 30% ammonia so-
lution, and concentrated. The residue was dissolved in CHCl3,
filtered through a 0.25-µm filter, and precipitated with ace-
tone to give tetralauroyl CL 7 (4.48 g, 90%), as a white solid.
TLC (SiO2) CHCl3/MeOH/NH4OH (6.5:2.5:0.5) Rf ~ 0.48.
m.p. 182–184°C. [α]25

D = +6.77 (c 2.0, CHCl3). FTIR
(ATR): 3207, 3041, 2956, 2918, 2850, 1737, 1467, 1378,
1327, 1206, 1092, 1065 cm–1. 1H NMR (CDCl3, 500 MHz):
δ 0.88 (t, J = 7.0 Hz, 12H), 1.22–1.34 (br s, 64H), 1.52–1.66
(m, 8H), 2.26–2.34 (m, 8H), 2.94 (br s, 1H), 3.82–3.98 (m,
9H), 4.12–4.18 (m, 2H), 4.35–4.42 (m, 2H), 5.14–5.24 (m,
2H), 7.41 (br s, 8H). 13C NMR (CDCl3, 125 MHz): δ 14.07,
22.67, 24.87, 24.93, 29.18, 29.22, 29.36, 29.37, 29.40,
29.57, 29.60, 29.66, 29.67, 29.69, 29.72, 31.91, 34.09,
34.28, 62.62, 63.57, 66.77, 69.47, 70.29, 173.25, 173.56.
31P NMR (10% CD3OD in CDCl3, 100 MHz): δ –2.40. ESI-
MS (negative) m/z: 1150.1 (M – 2NH4

+ + Na+), 1127 (M –
2NH4

+), 1128.0 (M – 2NH4
+ + H+), 928.0 (M – 2NH4

+ –
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RCOO–), 563.6 (M – 2NH4
+)2–. Anal. calcd. for C57H116-

N2O17P2: C, 58.84; H, 10.05; N, 2.41; P, 5.32. Found: C,
57.75; H, 9.83; N, 2.34; P, 5.28. 

Cis-5-levulinoyl-2-phenyl-1,3-dioxane (9). To a solution
of cis-1,3-O-benzylideneglycerol 8 (5.0 g, 27.74 mmol) in
CH2Cl2 (80 mL) at 0°C, 1,3-dicyclohexylcarbodiimide (8.58
g, 41.61 mmol), 4-(dimethylamino)pyridine (3.38 g, 27.74
mmol), and levulinic acid (4.0 g, 34.68 mmol) were added se-
quentially. The mixture was stirred for 24 h at room tempera-
ture. The separated urea was filtered, and the filtrate was then
concentrated and purified by flash chromatography with 80%
EtOAc/hexane as eluent to afford product 9 (5.86 g, 76%).
TLC (SiO2) hexane/EtOAc (1:1) Rf ~ 0.51. 1H NMR (CDCl3,
500 MHz): δ 2.19 (s, 3H), 2.58–2.89 (m, 4H), 4.18 (dd, J =
12.0, 1.5 Hz, 2H), 4.25 (dd, J = 12.0, 1.5 Hz, 2H), 4.71 (dd, J
= 1.5, 1.5 Hz, 1H), 5.55 (s, 1H), 7.24–7.53 (m, 5H).

2-Levulinoyl-1,3-propanediol (10). A solution of 9 (5.8 g,
20.86 mmol) in EtOH/EtOAc (1:1, 100 mL) was hydrogenated
at 50 psi over 10% Pd/C (800 mg, 10%) for 8 h. The catalyst
was filtered off over a bed of Celite and concentrated; the re-
sulting 2-levulinoyl glycerol was then purified by flash chro-
matography with 6% MeOH/CH2Cl2 as eluent to afford prod-
uct 10 as a low-melting white solid (2.82 g, 70%). TLC
(SiO2) MeOH/CH2Cl2 (1:9) Rf ~ 0.31. 1H NMR (CDCl3, 500
MHz): δ 2.19 (s, 3H), 2.58 (dd, J = 6.0, 6.0 Hz, 2H), 2.80 (dd,
J = 6.0, 6.0 Hz, 2H), 3.09 (br s, 2H), 3.72–3.87 (m, 4H), 4.90
(q, J = 5.1 Hz, 1H).

2-Levulinoyl-1,3-bis[(1,2-oleoyl-sn-glycero-3)phosphoryl]
glycerol dibenzyl ester (13). Compound 13 was made in a
manner similar to 6 in 76% yield. TLC (SiO2) hexane/EtOAc
(1:2) Rf ~ 0.64. Yield 68%. 1H NMR (CDCl3, 300 MHz): δ
0.88 (t, J = 7.0 Hz, 12H), 1.22–1.34 (m, 80H), 1.52–1.66 (m,
8H), 1.96–2.07 (m, 16H), 2.15 (s, 3H), 2.22–2.31 (m, 8H),
2.52–2.57 (m, 2H), 2.66–2.74 (m, 2H), 4.01–4.32 (m, 12H),
5.01–5.10 (m, 5H), 5.15–5.18 (m, 2H), 5.28–5.39 (m, 8H),
7.28–7.39 (m, 10H).

1,3-Bis[(1,2-dioleoyl-sn-glycero-3)-phosphoryl] glycerol
diammonium salt (14). A solution of protected CL 13 (3.15 g,
1.81 mmol) in acetone (20 mL) and sodium iodide (816 mg,
5.44 mmol) was refluxed for 3 h. The volatiles were evapo-
rated, and the residue was purified on SiO2 (10% methanol in
CH2Cl2 containing 1% of ammonia) to give 2.16 g (75%) of
the product as a colorless semisolid. TLC (SiO2) CHCl3/
MeOH/NH4OH (6.5:2.5:0.5) Rf ~ 0.63. 1H NMR (CDCl3, 500
MHz): δ 0.88 (t, J = 7.0 Hz, 12H), 1.22–1.39 (m, 80H),
1.52–1.65 (m, 8H), 1.96–2.07 (m, 16H), 2.18 (s, 3H),
2.23–2.35 (m, 8H), 2.52–2.59 (m, 2H), 2.71–2.79 (m, 2H),
3.83–4.04 (m, 6H), 4.12–4.23 (m, 4H), 4.31–4.39 (m, 2H),
5.01–5.09 (m, 1H), 5.17–5.26 (m, 2H), 5.28–5.39 (m, 8H),
7.41–7.59 (br s, 8H). ESI-MS (negative) m/z: 1576.5 (M –
2NH4

+ + Na+)–, 1554 (M – 2NH4
+), 1272.2 (M – 2NH4

+ –
RCOO–), 776 (M – 2NH4

+)2–.
To a solution of the aforementioned lev-protected CL (1.8 g,

1.13 mmol) in pyridine (3 mL) was added hydrazine (90 mg,
2.83 mmol), and the mixture was stirred for 30 min. The
volatiles were removed in a rotary evaporator, and the residue

was purified on SiO2 (10% methanol in CH2Cl2 containing
1% of ammonia) to give 1.19 g (71%) of 14 as a white semi-
solid. TLC (SiO2) (6.5:2.5:0.5) Rf ~ 0.55. [α]25

D = +4.09 (c
1.74, CHCl3). 1H NMR (CDCl3, 500 MHz): δ 0.88 (t, J = 7.0
Hz, 12H), 1.22–1.39 (m, 80H), 1.52–1.65 (m, 8H), 1.82 (br s,
1H), 1.96–2.07 (m, 16H), 2.23–2.35 (m, 8H), 3.83–3.94 (m,
7H), 4.12–4.23 (m, 4H), 4.33–4.39 (m, 2H), 5.17–5.23 (m,
2H), 5.28–5.39 (m, 8H), 7.41–7.59 (br s, 8H). 31P NMR (10%
CD3OD in CDCl3, 100 MHz): δ 0.51. ESI-MS (negative) m/z:
1478.4 (M – 2NH4

+ + Na+)–, 1456 (M – 2NH4
+), 1174.1 (M –

2NH4
+ – RCOO–), 727.6 (M – 2NH4

+)2. Anal. calcd. for C81
H156N2O17P2: C, 65.20; H, 10.54; N, 1.88; P, 4.15. Found: C,
64.99; H, 10.51; N, 1.81; P, 4.11. 

RESULTS AND DISCUSSION

The method based on the phosphonium salt methodology (30–32)
involves treatment of 2-O-protected glycerol with 1,2-diacyl-sn-
glyceryl phosphite in the presence of pyridinium bromide
perbromide (PBP) and triethylamine in dichloromethane to af-
ford phosphoric triester. Removal of the protecting groups will
furnish CL. Saturated analogs can be prepared much more easily
than the unsaturated version since the former synthetic proce-
dures allow the use of common benzyl protecting groups that are
removed by hydrogenolysis. However, the choice of protecting
groups for alcohol and phosphate functionalities is most crucial
in unsaturated CL synthesis. We illustrate that benzyl and levulin-
oyl groups (33,34) can be efficiently utilized as protecting groups
for the hydroxyl functionality of the central core. The levulinyl
group is stable to both acidic as well as basic conditions and can
be deprotected under mild conditions by hydrazinolysis.

Accordingly, treatment of 2-O-benzylglycerol (5) with
dibenzyl 1,2-dilauroyl-sn-glyceryl phosphite (4) [prepared by
a 1H-tetrazole-mediated reaction of 1,2-dilauroyl-sn-glycerol
(3) with dibenzyl N,N-diisopropyl phosphoramidite] in the
presence of PBP and triethylamine afforded benzyl-protected
CL (6) in 80% yield. The global deprotection of benzyl groups
was achieved by hydrogenolysis with 10% Pd/C at 50 psi in
THF at room temperature to obtain tetralauroyl CL (7) (90%),
which was immediately converted to ammonium salt with the
addition of ammonia (Scheme 3).

For the synthesis of unsaturated CL (tetraoleoyl CL 14),
2-O-levulinoyl glycerol (10) was used. The 2-O-levulinoyl
glycerol was synthesized starting from commercially avail-
able cis-1,3-O-benzylideneglycerol (8) by 1,3-dicyclo-
hexylcarbodiimide-mediated levulinoylation followed by
hydrogenolysis (Scheme 5).

The synthesis of 14 was initiated by treating 10 with dibenzyl
1,2-dioleoyl-sn-glyceryl phosphite (12) [prepared by a 1H-tetrazole-
mediated reaction of 1,2-dioleoyl-sn-glycerol (11) with dibenzyl
N,N-diisopropyl phosphoramidite] in the presence of PBP and tri-
ethylamine to afford protected CL (6) in 76% yield. Deprotection
of the phosphate function was carried out prior to the removal of
the levulinoyl group to avoid migration of the phosphate. The
benzyl groups of the phosphate moiety in 13 were cleaved with
sodium iodide in refluxing acetone and converted into ammonium
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salt. The hydrazinolysis was accomplished smoothly by treatment
with hydrazine to obtain the tetraoleoyl CL 14 (Scheme 4). The
products 7 and 14 were soluble in CHCl3 and showed relatively
clear 1H NMR signals. The structures of the final products were
characterized by NMR (1H, 13C, and 31P) and ESI-MS, and their
homogeneity by TLC and HPLC and were identical to the CL from
bovine heart. Similarly, the method was extended to synthesize a
broad range of short-chain (C6–C12) and long-chain (C14–C18) CL
and their ether analogs.

In summary, the route outlined here to make CL derivatives
offers several advantages over the other strategies used. The
synthesis begins with readily available 1,2-DAG and dibenzyl
phosphoramidites. Installation of the polar head group has been
made easy by using phosphite chemistry instead of phosphorus
oxychloride (which is difficult to handle) as well as cyclic ene-
diol pyrophosphates (17–19) and relatively labile PA. The use
of labile protecting groups such as silyl (14,15,17,18,24) was
avoided. In addition, our method can be carried out on a gram
scale and can be applied to the synthesis of similar compounds
such as PE, PG, and platelet-activating factors.
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Re: Effect of Dietary Protein and CLA Interaction on Lipid
Metabolism in Rats

Sir:
We read with great interest the paper of Akahoshi et al. (1) in
which they reported the effect of the interaction of CLA and
source of dietary protein (casein vs. soy protein) on lipid me-
tabolism in young (4-wk-old) rats. They also suggested that
the source of dietary protein may modify the antiobesity ac-
tivity of CLA.

Unfortunately, Akahoshi et al. (1) did not provide enough
information about diet composition, which is essential if other
researchers are to be able to confirm their findings. Akahoshi
et al. (1) mention that the experimental diets used in their
study were prepared according to the AIN-93G specifications
(2). Since the AIN-93G control diet includes supplementation
of casein with L-cystine (3 g/kg diet) (2), it could be assumed
that the soy protein diet was also supplemented with the same
amount of L-cystine. If this was the case, then the soy protein
diet would be deficient in methionine for rat growth. Unlike
casein, soy protein contains a significant amount of cystine
(about 1:1 methionine/cystine ratio), and the addition of sup-
plemental cystine to soy protein would exacerbate the imbal-
ance. Therefore, the possible deficiency of methionine in the
soy protein diet may have been responsible for the signifi-
cantly lower weight gain and food efficiency ratio for rats fed
the soy protein diets compared with those fed the casein diets,
as noted in Table 1 of Akahoshi et al. (1).

The lower growth of rats fed the soy protein diets com-
pared with those fed the casein diets may be  partly responsi-
ble for the observed beneficial effect of the soy protein diets
on total blood cholesterol and antiobesity parameters reported
by Akahoshi et al. (1). It is well known that soy protein is lim-
iting in methionine for rat growth (3), and that dietary cystine
is negatively  correlated with levels of blood cholesterol in
rats (4,5). Therefore, Akahoshi et al. (1) are requested to clar-
ify the details of the diet formulations and to discuss the im-
pact of cystine supplementation of soy protein diet on lipid
metabolism in rats. It would also be useful to provide data on
protein and amino acid composition (especially sulfur amino
acids) of the soy protein used in their study, as amino acid
profiles of soy protein products may vary considerably based
on their methods of preparation. This information would en-
able researchers in other laboratories to confirm and poten-
tially enhance the findings of Akahoshi et al. (1).
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Sir:
Thank you for your constructive criticism of our paper pub-
lished in Lipids (1). Cystine was added not only to casein but
also to soy protein diets in our study. As you suggest, it is pos-
sible that methionine deficiency may have been exacerbated
by the excess cystine in the soy protein diets and may have
caused the growth retardation and lowering of feed efficiency.
However, it is also possible that added cystine saves methio-
nine. In addition, soy protein stimulates FA β-oxidation in re-
lation to casein (1,2), and in our paper the energy expenditure
seems to be increased as the weight of brown adipose tissue
increased in rats fed soy protein (1). It is thus likely that the
methionine deficiency is not the sole factor responsible for
the growth retardation, but instead is just one of the factors.
The amino acid composition of soy protein preparations may
differ from sample to sample, and in fact in our preceding tri-
als with rats there was no apparent difference in growth param-
eters between casein and soy protein (2). We always use soy
protein from the same company, we do not know whether the
amino acid composition is kept constant.

A number of mechanisms have been proposed to explain
the serum cholesterol-lowering effects of dietary soy protein
in relation to casein. The amino acid composition is one such
factor, and cystine is said to be negatively correlated with the
cholesterol concentration (3). However, the change attribut-
able to added cystine seems to be within the normal range,
and in humans serum cholesterol is not lowered excessively
even when large quantities of soy protein are consumed (4).
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We surmise that dietary cystine levels do not have a large in-
fluence on serum cholesterol.

In this context, it is necessary to confirm the influence of
the content and balance of sulfur amino acids in our experi-
mental diets on weight gain and serum cholesterol level.
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Re: Effect of Dietary Protein and CLA Interaction on Lipid
Metabolism in Rats

Sir:
We read with great interest the paper of Akahoshi et al. (1) in
which they reported the effect of the interaction of CLA and
source of dietary protein (casein vs. soy protein) on lipid me-
tabolism in young (4-wk-old) rats. They also suggested that
the source of dietary protein may modify the antiobesity ac-
tivity of CLA.

Unfortunately, Akahoshi et al. (1) did not provide enough
information about diet composition, which is essential if other
researchers are to be able to confirm their findings. Akahoshi
et al. (1) mention that the experimental diets used in their
study were prepared according to the AIN-93G specifications
(2). Since the AIN-93G control diet includes supplementation
of casein with L-cystine (3 g/kg diet) (2), it could be assumed
that the soy protein diet was also supplemented with the same
amount of L-cystine. If this was the case, then the soy protein
diet would be deficient in methionine for rat growth. Unlike
casein, soy protein contains a significant amount of cystine
(about 1:1 methionine/cystine ratio), and the addition of sup-
plemental cystine to soy protein would exacerbate the imbal-
ance. Therefore, the possible deficiency of methionine in the
soy protein diet may have been responsible for the signifi-
cantly lower weight gain and food efficiency ratio for rats fed
the soy protein diets compared with those fed the casein diets,
as noted in Table 1 of Akahoshi et al. (1).

The lower growth of rats fed the soy protein diets com-
pared with those fed the casein diets may be  partly responsi-
ble for the observed beneficial effect of the soy protein diets
on total blood cholesterol and antiobesity parameters reported
by Akahoshi et al. (1). It is well known that soy protein is lim-
iting in methionine for rat growth (3), and that dietary cystine
is negatively  correlated with levels of blood cholesterol in
rats (4,5). Therefore, Akahoshi et al. (1) are requested to clar-
ify the details of the diet formulations and to discuss the im-
pact of cystine supplementation of soy protein diet on lipid
metabolism in rats. It would also be useful to provide data on
protein and amino acid composition (especially sulfur amino
acids) of the soy protein used in their study, as amino acid
profiles of soy protein products may vary considerably based
on their methods of preparation. This information would en-
able researchers in other laboratories to confirm and poten-
tially enhance the findings of Akahoshi et al. (1).
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Sir:
Thank you for your constructive criticism of our paper pub-
lished in Lipids (1). Cystine was added not only to casein but
also to soy protein diets in our study. As you suggest, it is pos-
sible that methionine deficiency may have been exacerbated
by the excess cystine in the soy protein diets and may have
caused the growth retardation and lowering of feed efficiency.
However, it is also possible that added cystine saves methio-
nine. In addition, soy protein stimulates FA β-oxidation in re-
lation to casein (1,2), and in our paper the energy expenditure
seems to be increased as the weight of brown adipose tissue
increased in rats fed soy protein (1). It is thus likely that the
methionine deficiency is not the sole factor responsible for
the growth retardation, but instead is just one of the factors.
The amino acid composition of soy protein preparations may
differ from sample to sample, and in fact in our preceding tri-
als with rats there was no apparent difference in growth param-
eters between casein and soy protein (2). We always use soy
protein from the same company, we do not know whether the
amino acid composition is kept constant.

A number of mechanisms have been proposed to explain
the serum cholesterol-lowering effects of dietary soy protein
in relation to casein. The amino acid composition is one such
factor, and cystine is said to be negatively correlated with the
cholesterol concentration (3). However, the change attribut-
able to added cystine seems to be within the normal range,
and in humans serum cholesterol is not lowered excessively
even when large quantities of soy protein are consumed (4).
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ABSTRACT: Aging is associated with changes in the absorp-
tive capacity of the small intestine. We tested the hypotheses
that (i) aging is associated with a decline in lipid absorption,
and that (ii) this decreased lipid absorption is due to a decline
in the abundance of mRNA and/or the enterocyte cytosolic in-
testinal FA-binding protein (I-FABP), the liver FA-binding pro-
tein (L-FABP), and the ileal lipid-binding protein (ILBP). In vitro
uptake studies were performed on Fischer 344 rats at ages 1, 9,
and 24 mon. Northern blotting (L-FABP, ILBP) and immunohis-
tochemistry (I-FABP, ILBP) were performed. Aging was associ-
ated with decreased animal weights, but the surface area of the
intestine was not significantly altered with age. The rates of ileal
uptake of 16:0, 18:0, 18:1, and 18:2 were reduced by greater
than 50% with aging when expressed on the basis of mucosal
weight. This decline was not associated with reduced expres-
sion of mRNA for L-FABP or ILBP but was associated with a
50% decrease in the abundance of I-FABP and a 40% decrease
in the abundance of ILBP. Thus, the decrease with aging in the
ileal uptake of some FA when rates were expressed on the basis
of mucosal weight was associated with a reduced abundance of
I-FABP and ILBP. 

Paper no. L9519 in Lipids 39, 603–610 (July 2004).

Developed nations are faced with the demographics of an
aging population. In Canada, more than 12% of the popula-
tion is older than 64 yr, and this percentage is expected to
grow to 14% within 11 yr (1). Aging is associated with an in-
creased prevalence of many conditions such as diabetes, heart
disease, and malnutrition (2,3). Aging is also associated with
a decline in the absorptive capacity of the small intestine for
carbohydrates (4), amino acids (5), calcium (6), and lipids
(7,8). The complexity of lipid absorption may make it suscep-
tible to the effects of aging (9). Such factors as the pH of the
microclimate adjacent to the intestinal brush border mem-
brane (BBM) (10), BBM fluidity (11), the effective resistance
of the unstirred water layer (UWL), and the contribution of
lipid-binding proteins may be subject to age-associated alter-
ations. 

Numerous lipid-binding proteins are found in the BBM and
cytosol of enterocytes (12). Several BBM-associated proteins
also may contribute to lipid absorption in the intestine, such
as the FA-binding protein in the plasma membrane (13,14),
FA translocase (FAT) (15), and FA transport protein-4
(FATP4) (16). Enteroctye cytosolic lipid-binding proteins in-
clude the liver FA-binding protein (L-FABP), the intestinal
FA-binding protein (I-FABP), and the ileal lipid-binding pro-
tein (ILBP) (reviewed in Ref. 17). L-FABP is a 14.1-kDa pro-
tein located in the duodenum and jejunum, with maximal ex-
pression in the proximal jejunum. The distribution along the
intestine is influenced by the species studied; for example, in
contrast to mice, L-FABP is expressed in the ileum of rats and
humans. I-FABP is a 15.1-kDa protein that is expressed
throughout the small intestine, with maximal expression in
the distal jejunum (18). L-FABP and I-FABP likely play dif-
ferent roles in the absorption of lipids. For example, FA trans-
fer from I-FABP occurs by direct collisional interaction with
the phospholipid bilayer. In contrast, L-FABP may transfer
FA in an aqueous diffusion-mediated process and may act as
a cytosolic buffer for FA (19). Both I-FABP and L-FABP
have a high affinity for binding long-chain FA (LCFA) (20).
Rats treated with clofibrate (a hypolipidemic drug) have in-
creased expression of L-FABP protein and mRNA, with no
change in the expression of I-FABP (21). The mRNA expres-
sion of I-FABP and L-FABP is increased in rats fed a diet rich
in polyunsaturated fats (22). The ILBP is a 14-kDa cytoplas-
mic protein that binds bile acids (23). ILBP is structurally re-
lated to the FABP family and is located predominantly in the
distal ileum (24). 

This study was undertaken to test the hypotheses that (i)
aging is associated with a decrease in the absorption of lipids
in Fischer 344 (F344) rats, and that (ii) the decreased lipid up-
take is due to a decline in the abundance of mRNA and/or se-
lected lipid-binding proteins in the intestine. 

MATERIALS AND METHODS

Animals. The principles for the care and use of laboratory an-
imals approved by the Canadian Council on Animal Care and
the Council of the American Physiological Society were ob-
served in the conduct of this study. Male F344 rats aged 1, 9,
and 24 mon were obtained from the National Institute of
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Aging colony and Harlan Laboratories (Indianapolis, IN).
Pairs of rats were housed at a temperature of 21°C, with 12 h
of light and 12 h of darkness. Water and a standard laboratory
PMI #5001 chow diet were supplied ad libitum. Eight rats
were placed in each of the three age groups.

Uptake studies. (i) Probe and marker compounds. The
[14C]-labeled probes included cholesterol (0.05 mM) and the
following FA (0.1 mM): lauric (12:0), palmitic (16:0), stearic
(18:0), oleic (18:1n-9), linoleic (18:2n-6), and linolenic
(18:3n-3) acids. The labeled and unlabeled probes were sup-
plied by Amersham (Piscataway, NJ) and Sigma Co. (St.
Louis, MO), respectively. The specific activity of the probes
ranged from 40 to 60 mCi/mmol. The probes were prepared
by solubilizing them in 10 mM of taurodeoxycholic acid
(Sigma Co.) in Krebs-bicarbonate buffer, with the exception
of 12:0, which was solubilized in only Krebs-bicarbonate
buffer. [3H]Inulin was used as a nonabsorbable marker to cor-
rect for adherent mucosal fluid volume.

(ii) Tissue preparation. Eight animals per age group were
sacrificed by an intraperitoneal injection of Euthanyl® (sodium
pentobarbitol, 240 mg/100 g body weight). The whole length
of the intestine was rapidly removed and rinsed with 150 mL
of cold saline. The proximal third, beginning at the ligament of
Treitz, was termed the jejunum, and the distal third was termed
the ileum; the middle third of the small intestine was discarded.
The intestine was opened along its mesenteric border, and
pieces of the segment were cut and mounted as flat sheets in
transport chambers. A 5-cm piece of each segment of jejunum
and ileum was gently scraped with a glass slide to determine
the percentage of the intestinal wall composed of mucosa. The
chambers were placed in preincubation beakers containing
oxygenated Krebs-bicarbonate buffer (pH 7.2) at 37°C, and the
tissue disks were preincubated for 15 min to allow the tissue to
equilibrate at this temperature. The rate of uptake of lipids was
determined from the timed transfer of the transport chambers
to the incubation beakers containing [3H]inulin and 14C-labeled
probe molecules in oxygenated Krebs-bicarbonate (pH 7.2,
37°C). The preincubation and incubation chambers were mixed
with circular magnetic bars at identical stirring rates, which
were precisely adjusted using a strobe light. Stirring rates were
reported as revolutions per minute (rpm). A stirring rate of 600
rpm was selected to achieve a low UWL, thereby allowing for
better assessment of the lipid uptake properties of the BBM
(25,26).

(iii) Determination of uptake rates. After incubation of the
disks in labeled solutions for 6 min, each experiment was ter-
minated by removing the chamber and rinsing the tissue in
cold saline for approximately 5 s. The exposed mucosal tis-
sue was then cut out of the chamber with a circular steel
punch, placed on a glass slide, and dried overnight in an oven
at 55°C. The dry weight of the tissue was determined, and the
tissue was transferred to scintillation-counting vials. The
samples were saponified with 0.75 M NaOH, scintillation
fluid was added, and radioactivity was determined by means
of an external standardization technique to correct for vari-
able quenching of the two isotopes (25). 

The rates of uptake in the mucosa and in the mucosal sur-
face area were determined as Jm = nmol · 100 mg mucosal
tissue−1 · min−1 and Jsam = nmol · cm−2 mucosal surface area
· min−1, respectively. 

Morphology, protein, and mRNA analysis. (i) Tissue
preparation. For Northern blotting, morphological analysis,
and immunohistochemistry, a second group of animals was
raised and sacrificed in a manner similar to those in the up-
take studies. Five-centimeter portions of proximal jejunum
and distal ileum were quickly harvested following rinsing,
snap-frozen in liquid nitrogen, and stored at −80°C for later
mRNA isolation. The remaining intestine was opened along
the mesenteric border. Two 1-cm pieces of each section were
mounted on a styrofoam block and preserved in 10% forma-
lin for later paraffin block mounting, to be used in the mor-
phological and immunohistochemical analyses.

(ii) Morphological analysis. To determine the surface area
of the intestine based on its 3-D architecture, a transverse and
a vertical section were prepared for the jejunum and ileum.
Hematoxylin-stained slides were prepared from the paraffin
blocks. Crypt depth and villous height, as well as villous
width, depth, and density were measured. The measurements
of villous height, villous width at half height, villous width at
the base, and crypt depth were obtained from the vertical sec-
tions. The measurement of villous depth was obtained from
the transverse tissue sections. Group means were obtained
based on 10 villi and 20 crypts per slide, with a minimum of
4 animals in each group. A published method was used to cal-
culate the mucosal surface area (27,28). Mean values and
SEM were used for statistical analyses.

(iii) Immunohistochemistry. Jejunal and ileal tissue were
embedded in paraffin and 4- to 5-µm sections were mounted
on glass slides. The sections were heated and placed immedi-
ately in the following solutions: xylene (3× for 5 min each),
absolute ethanol (3× for 2 min each), 90% ethanol (1 min), and
70% ethanol (1 min); the sections were then rinsed with tap
water. Slides were incubated in a hydrogen peroxide/methanol
solution, rinsed, and counterstained with Harris hematoxylin.
Slides were then air-dried, and the tissue was encircled with
hydrophobic slide marker (PAP pen; BioGenex, San Ramon,
CA). Slides were rehydrated and incubated for 15 min in
blocking reagent (20% normal goat serum) followed by pri-
mary antibody to ILBP or I-FABP for 30 min. Slides were in-
cubated in LINK®, LABEL®, and working DAB® solutions
(BioGenex). Slides were washed, restained in hematoxylin,
dehydrated in absolute ethanol, and cleared in xylene.

The slides were photographed, and the antibody density
along the crypt-villous axis was determined by densitometry.
The results were expressed as a ratio of the density of the an-
tibody-positive preparation vs. the antibody-negative prepa-
ration. Statistical analyses were based on a minimum of 4 villi
per animal and 3 animals per group. 

(iv) RNA isolation. The intestinal pieces (minimum of 6 ani-
mals per group) were homogenized in a denaturing solution con-
taining guanidinium thiocyanate, using a Fast Prep cell disruptor
(Savant Instruments Inc., Holbrook, NY). Following addition of
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2 M sodium acetate, a phenol chloroform extraction was per-
formed. The upper aqueous phase containing the RNA was col-
lected, and RNA was precipitated with isopropanol overnight at
–80°C, with a final wash with 70% ethanol. The concentration
and purity of RNA were determined by spectrophotometry at
260 and 280 nm. Samples were stored at –80°C until use for
Northern blot or reverse-transcriptase PCR.

(v) Preparation of probes for Northern blotting. DH5α
bacteria were transformed, and plasmid isolation was carried
out using a Boehringer Mannheim High Pure Plasmid Isola-
tion Kit (Mannheim, Germany). To make cDNA probes, the
DNA insert was cut by EcoR1 and HindIII restriction en-
zymes (Gibco BRL, Life Technologies, Carlsbad, CA). A
DIG-labeled nucleotide (Roche Diagnostics, Quebec, CA)
was incorporated during the in vitro DNA synthesis using the
Klenow fragment of a DNA polymerase (Roche Diagnostics). 

Fifteen (15) µg of total RNA was loaded in a denaturing
agarose gel (1% agarose, 0.66 M formaldehyde gel) and elec-
trophoresed for 5 h at 100 V (HLB12 Complete Horizontal
Long Bed Gel System, Tyler, Edmonton, Alberta, Canada).
Capillary diffusion was used to transfer the RNA to a nylon
membrane (Roche Molecular Biochemicals, Mannheim, Ger-
many), and RNA was fixed to the membrane by baking at
80°C for 2 h. Membranes were hybridized with the DIG-
labeled probe according to the manufacturer’s protocol
(Roche Diagnostics). Detection of the bound antibody was
performed using a CDP-STAR chemiluminescence substrate
(Roche Diagnostics), and membranes were exposed to X-ray
films (X-Omat; Kodak, Rochester, NY).

The density of the mRNA bands was determined by trans-
mittance densitometry (Model GS-670 Imaging Densitome-
ter; Bio-Rad Laboratory, Mississauga, Ontario, Canada).
Quantification of the 28S ribosomal units from the mem-
branes was used to account for possible loading discrepan-
cies.

Expression of results. Results were expressed as mean ±
SEM. The statistical significance of the differences between
the three age groups was determined by ANOVA (P < 0.05).
Individual differences between ages were determined using a
Student–Neuman–Keuls multiple range test. 

RESULTS

Animal characteristics. The rate of body weight change did
not differ between the 1- and 9-mon-old animals, but it de-
creased between 9 and 24 mon (Fig. 1). In the jejunum, age
had no effect on the weight of the intestine, the weight of the
mucosa, or the percentage of the intestinal wall comprised of
mucosa (Table 1). In the ileum, the weight of the intestine and
the weight of the intestinal mucosa were approximately twice
as high at 24 mon than at 1 mon (Table 1). 

No differences were observed in the heights of the villi, or
in either the jejunal or the ileal mucosal surface area at 1, 9,
or 24 mon (data not shown). 

Uptake of lipids. Because the weight of the mucosa is in-
fluenced by the age of the animals (Table 1), the rate of up-

take was expressed on the basis of the weight of the mucosa
(Jm = nmol · 100 mg mucosal tissue−1 · min−1) (Fig. 2). There
was reduced jejunal uptake of 18:0 between 1 and 9 mon; re-
duced ileal uptake of 16:0, 18:0, and 18:1 between 1 and 9,
and between 1 and 24 mon; and reduced ileal uptake of 18:2
between 1 and 24 mon (Fig. 2). The rate of jejunal uptake of
12:0 increased between 9 and 24 mon, whereas in the ileum,
the rate of uptake decreased between 1 and 9 mon (data not
shown). 

When uptake was expressed on the basis of mucosal sur-
face area (Jsam = nmol · cm−2 mucosal surface area · min−1),
jejunal uptake of 18:2 was increased between 1 and 9 or 1 and
24 mon, and 18:3 uptake was increased between 1 and 9 mon.
The ileal uptake of cholesterol was increased between 1 and
9 mon (Fig. 3). 

Intestinal lipid-binding proteins. The expression of ILBP
mRNA in the ileum was higher at 24 than at 9 mon, but was sim-
ilar to the value at 1 mon (Figure 4A). The expression of L-FABP
mRNA in the jejunum and ileum did not change significantly
with the age of the animals (Figs. 4B, 4C). The abundance of
ILBP, as measured by immunohistochemistry, was reduced in
the ileum at 9 or 24 mon as compared with 1 mon (Figs 5A,
6A–C). The abundance of I-FABP protein examined using
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TABLE 1
Effect of Age on Intestinal Weighta

Tissue weight Mucosal weight Intestinal wall 
(mg/cm) (mg/cm) composed of mucosa (%)

Jejunum
1 mon 9.0 ± 0.7 4.0 ± 0.5 44.5 ± 2.9
9 mon 12.3 ± 1.3 6.3 ± 1.2 48.8 ± 5.2
24 mon 10.7 ± 1.5 5.6 ± 1.1 48.7 ± 4.0

Ileum
1 mon 6.4 ± 0.7a 2.9 ± 0.6a 38.3 ± 4.7
9 mon 7.8 ± 0.8a 3.5 ± 0.6a 43.9 ± 3.1
24 mon 11.1 ± 1.7b 6.0 ± 1.1b 50.1 ± 6.4

aValues are mean ± SEM. Different letters denote a significant age effect (P <
0.05).

FIG. 1. Effect of age on the body weight change of Fischer 344 rats fed
chow. Values are mean ± SEM. Different letters denote a significant age
effect (P < 0.05).



immunohistochemistry was lower in the jejunum at 24 mon
than at 1 mon, and higher in the ileum at 9 mon than at 1 or
24 mon (Figs. 5B, 6D–F). 

DISCUSSION

Body weight change. The F344 rat is expected to gain weight
from birth to approximately 18 mon, after which the weight
plateaus and then gradually declines (29). The 24-mon-old
animals lost body weight with aging (Fig. 1). We did not de-
termine food intake in this study, but it is possible that the re-
duced uptake of FA (Fig. 2) may have contributed to this body
weight loss. 

Although the weight of the jejunal wall and mucosa did
not change with aging, the weight of the ileum and ileal mu-
cosa almost doubled (Table 1). The explanation for this is not
clear; we speculate that the jejunal malabsorption of sugars
and amino acids that occurs with aging (4,5) may result in the
delivery of a greater nutrient load to the ileum, thereby result-
ing in greater mucosal weight. To account for these changes,
our data were expressed on the basis of mucosal weight (Jm)
to determine whether specific changes in lipid uptake oc-
curred that were not simply explainable by increases in mu-
cosal mass.

Methods of expressing uptake rates. The usual way of ex-
pressing the rate of in vitro uptake of nutrients is on the basis
of the weight of the full thickness of the intestine. However,
if a treatment alters the weight of the intestine, then there may

be variations in the rate of nutrient uptake that are under-
standable simply because there would be different amounts
of mucosal tissue. For this reason, since there were treatment-
associated variations in mucosal weight (Table 1), it was ap-
propriate to express uptake on the basis of the mass of the
transporting mucosal tissue. It is still possible, of course, that
nutrient uptake may alter without a change in mucosal mass
or villous surface area, with uptake either responding to a
change in the distribution of transporters along the villus or
adapting to an alteration in BBM permeability. Thus, al-
though aging is associated with a decline in the uptake of
some lipids, when expressed on the basis of mucosal weight
(Fig. 2) and when age-associated alterations in surface area
are taken into account, there is actually an increased rather
than a decreased uptake of some lipids (Fig. 3). When using
an in vivo perfusion technique and expressing lipid uptake on
the basis of the length of the intestine, the uptake of choles-
terol and FA has been shown to increase in aging rats (30,31).
In an in vivo perfusion study, Holt and Dominguez (32) found
a decrease in lipid uptake in 21-mon-old as compared with 4-
mon-old rats when uptake was expressed on the basis of in-
testinal weight. Thus, the qualitative aspect of the effect of
aging on lipid uptake depends on the method used to express
the results. 

Passive uptake of lipids across the BBM may be affected
by BBM fluidity and by the pH microclimate adjacent to the
BBM (10,33). Previous work suggests that the lipid composi-
tion of the BBM may contribute to alterations in lipid uptake
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FIG. 2. (A) Jejunal and (B) ileal uptake of FA and cholesterol expressed as nmol · 100 mg mucosal tissue−1 · min−1. Values are mean ± SEM. Differ-
ent letters denote a significant age effect (P < 0.05).



(34). An age-associated decrease occurs in BBM fluidity (11),
which could contribute to altered lipid absorption with aging.
The low pH of the microclimate adjacent to the BBM in-
creases the bile acid critical micellar concentration, resulting
in a dissociation of lipids from bile acid micelles (10). In
aging, there is an increase in the pH of the microclimate,
which would potentially contribute to reduced absorption
(35). Measurements of the pH of the microclimate and the
BBM lipid composition were not performed in this study. Al-
though this study shows an effect of aging on lipid uptake,
i.e., the rate-limiting step, it is possible that other factors may
change with aging and thereby alter the absorptive process.
These factors include alterations in motility, blood or lymph
flow, and enterocyte metabolism of lipids. It is also important
to stress that lipid uptake did not change in the jejunum, the
site at which most of the lipid uptake is thought to occur. The
nutritional impact of the reduced FA uptake observed in the
ileum is unclear.

The effect of UWL. The uptake of 12:0 is a reflection of the
UWL, with higher uptake reflecting lower resistance (7). In
24-mon-old animals, the jejunal uptake of 12:0 was increased,
suggesting lower UWL (data not shown). This lower resis-
tance would help to increase the uptake of diffusion-limited
probes, such as LCFA (26). However, at 24 mon the jejunal
uptake of most lipids was unchanged when expressed on the
basis of mucosal weight, and the ileal uptake of FA fell. Thus,
the age-associated alterations in lipid uptake could not be ex-
plained by variations in the UWL.

Lipid-binding proteins. Numerous lipid-binding proteins
are found in the BBM and the cytosol of the enterocyte (re-

viewed in Ref. 12). For example, the FATP4 (16), and the FAT
are in the BBM of enterocytes (36). Furthermore, it has also
been suggested that the rate-limiting step in lipid absorption
is the formation of a prechylomicron transport vesicle in the
endoplasmic reticulum (37). These were not measured in this
study. The reduced ileal lipid absorption in aging (expressed
on the basis of intestinal or mucosal weight) was associated
with reduced abundance of I-FABP (Figs. 5B, 6D–G) and
ILBP (Figs. 5A, 6A–C). However, it is not certain whether
the age-associated alterations in lipid uptake were causally
related to variations in the abundance of I-FABP and ILBP.
ILBP does not bind LCFA, and in I-FABP knockout mice, FA
uptake is maintained, suggesting that the I-FABP protein is
not required for intestinal lipid uptake (38). The association
between the decline in lipid uptake and the fall in I-FABP and
ILBP does not prove they are causally related. It is possible,
of course, that changes in some of the other lipid-binding pro-
teins not measured in these studies may have contributed to
changes in lipid absorption that occur with aging.

Finally, it is not apparent why age had varying effects on the
uptake of each of the individual FA. For example, in contrast
to 16:0, 18:0, 18:1, and 18:2, ileal 18:3 uptake was not reduced
with aging (Fig. 2B). One may speculate that this may reflect
the varying affinities of the lipid-binding proteins. Although
both L-FABP and I-FABP preferentially bind LCFA, L-FABP
has a higher affinity for polyunsaturated LCFA (39). Further-
more, Hanhoff et al. (40) demonstrated that several factors in-
fluence the binding affinity of FABP, including the solubility
of the FA in the aqueous phase, the conformation of the FA, the
degree of unsaturation, and the position of the double bond.
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FIG. 3. (A) Jejunal and (B) ileal uptake of FA and cholesterol expressed on the basis of mucosal surface area. Values are mean ± SEM (n = 8). Differ-
ent letters denote a significant age effect (P < 0.05).



Similarly, cholesterol uptake was not reduced with aging
(Fig. 2B), despite decreases in some of the lipid-binding pro-
teins (Figs. 5A, 5B). This result may be explained by the pres-
ence of the recently identified Niemann–Pick C1 Like 1 pro-
tein, which is essential for the transport of cholesterol across
the BBM of the enterocyte (41). The expression of this pro-
tein with aging has not been studied, but our data suggest that
its activity may be maintained with age, as we did not see age-
related reductions in intestinal cholesterol uptake.
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ABSTRACT: Conjugated linoleic acid (CLA), a mixture of po-
sitional and geometric isomers of octadecadienoic acid, has
been shown to inhibit experimentally induced atherosclerosis
in rabbits and also to cause significant regression of pre-estab-
lished atheromatous lesions in rabbits. The two major CLA iso-
mers (cis9,trans11 and trans10,cis12), now available at 90% pu-
rity, have been tested individually for their anti-atherogenic or
lesion regression potency. The two major isomers and the mix-
ture were fed for 90 d to rabbits fed 0.2% cholesterol. Athero-
sclerosis was inhibited significantly by all three preparations.
The two CLA isomers and the isomer mix were also fed (1.0%)
as part of a cholesterol-free diet for 90 d to rabbits bearing
atheromatous lesions produced by feeding an atherogenic diet.
A fourth group was maintained on a cholesterol-free diet. On
the CLA-free diet atherosclerosis was exacerbated by 35%. Re-
duction of severity of atheromatous lesions was observed to the
same extent in all three CLA-fed groups. The average reduction
of severity in the three CLA-fed groups was 26 ± 2% compared
with the first control (atherogenic diet) and 46 ± 1% compared
with the regression diet. Insofar as individual effects on athero-
sclerosis were concerned, there was no difference between the
CLA mix and the cis9,trans11 and trans10,cis12 isomers. They
inhibit atherogenesis by 50% when fed as a component of a
semipurified diet containing 0.2% cholesterol; and when fed as
part of a cholesterol-free diet, they reduce established lesions
by 26%. Reduction of atheromata to the observed extent by di-
etary means alone is noteworthy. 

Paper no. L9457 in Lipids 39, 611–616 (July 2004).

CLA is a collective term describing positional and geometric
isomers of octadecadienoic acid. It is produced in the rumen
of ruminant animals and occurs naturally in the meat of rumi-
nant animals as well as in products prepared from their milk,
e.g., cheese and butter. The major naturally occurring modifi-
cation of CLA is the cis9,trans11 (c9,t11) isomer (1). The
original studies with CLA were carried out using a commer-
cially available synthetic product that contained 40–45% each
of the c9,t11 and the trans10,cis12 (t10,c12) modifications.

Most of the early CLA literature describes the inhibitory
effects of the CLA mixture on experimental carcinogenesis
(2). This mixture has also been shown to inhibit atherosclero-

sis in rabbits (3–5) and hamsters (6,7) even when fed at rela-
tively low concentrations. Munday et al. (8) reported that
CLA promoted fatty streak formation in C57BL/6 mice de-
spite lowering the total/HDL cholesterol ratio. The mice were
fed 0.25 or 0.50% CLA and 1% cholesterol. In our experi-
ments with hamsters (6,7), we found that increasing the level
of dietary CLA led to greater inhibition of aortic fatty streak
formation. This may be the case in Munday’s study. It is pos-
sible that the level of dietary CLA required to suppress aortic
fatty streaking and atherosclerosis is a function of the species
being studied as well as the level of dietary cholesterol.

Park et al. (9) reported in 1997 that accretion of body fat
was significantly reduced in mice fed CLA. It was shown later
(10) that the effect was due specifically to the t10,c12 isomer.
The availability of the two major CLA isomers at >90% pu-
rity has afforded the opportunity to test them individually, and
there are now a number of instances in which isomer-specific
effects have been reported (11). Thus, only t10,c12 CLA in-
creases insulin resistance (12) and circulating C-reactive pro-
tein (13) in obese men. It also causes hyperinsulinemia in
mice (14,15), reduces leptin secretion (16) and lipogenesis
(17) in cells in culture, and increases lipoprotein lipase activ-
ity in adipocytes (18). 

In this communication we describe the individual effects
of c9,t11 and t10,c12 CLA on the development of cholesterol-
induced atherosclerosis in rabbits as well as their effects on
regression of pre-established atherosclerotic lesions.

EXPERIMENTAL PROCEDURES

Atherogenesis studies. Forty male New Zealand White rab-
bits were randomized into four groups of 10 rabbits each. The
starting average body weight of the four groups was the same
(2600 g). The rabbits were housed in individual stainless steel
cages in a temperature-controlled, humidified room main-
tained on a 12 h on/off light cycle and were provided free ac-
cess to food and water. The rabbits were fed a semipurified,
atherogenic diet (Table 1) to which we added 0.5% of either
CLA isomer or the mixture. All CLA preparations were pur-
chased from Natural ASA (Hovdebygda, Norway). The com-
position of the CLA preparations is given in Table 2.

After 90 d, the rabbits were bled under light anesthesia and
euthanized with ketamine/xylazine 10:3. Blood was taken for
cholesterol analysis using a commercial kit (Sigma, St. Louis,
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MO); livers were removed and weighed; and 1-g aliquots
were taken for determination of free and total cholesterol. The
liver aliquots were extracted with chloroform/methanol 2:1
(19). The extracts were taken to dryness, and the residual lipid
was solubilized with an appropriate surface-active agent (20),
in this case 1% Triton in chloroform. The Triton/lipid solu-
tion was taken to dryness under N2 and reconstituted in 200
µL of distilled water. Aliquots (25 µL) of the lipid solution
were analyzed enzymatically for total and free cholesterol
using reagent kits (Wako Chemical, Richmond, VA). Analy-
ses were carried out in triplicate. This assay has been used
successfully for analysis of tissue lipids of hamsters (21). 

At necropsy, aortas were removed and cleaned of adhering
tissue; and the severity of atherosclerotic lesions was graded
visually using a 0–4 scale (22). In previous studies, when vi-
sual grading was compared with morphometric methodology
under double-blind conditions, excellent correlation (r > 0.90)
was observed (23; Kritchevsky, D., and Klurfeld, D.M., un-
published data). 

Regression studies. Forty male New Zealand White rab-
bits (average weight 2865 g) were housed under the condi-
tions described above and maintained on the atherogenic reg-
imen (Table 1) for 90 d. At this time each rabbit’s serum cho-
lesterol level was determined. The rabbits were randomized
into five groups of eight rabbits each having the same aver-
age serum cholesterol level (678 ± 82 mg/dL). One group
(C1) was necropsied; the serum lipids were analyzed using
commercial kits (Wako Chemical), the liver lipids analyzed
as described (20,21), and the aortas graded visually on a 0–4

scale (22). This group served as the initial control against
which subsequent findings were compared. The other four
groups were fed a cholesterol-free regimen containing 6%
corn oil (C2) (Table 3) or the same diet in which 1% of the
corn oil was replaced by 1% CLA (c9,t11; t10,c12; or the
mixture). The composition of the CLA mixtures is given in
Table 4. To forestall difficulties that have been encountered
internationally when using some commercial preparations of
choline bitartrate (24), choline chloride was used in the prepa-
ration of the regression diet. 

After 90 d the rabbits were bled after an overnight fast, and
sera, livers, and aortas were subjected to the same analytical
procedures as described above. All diets were prepared to our
specifications and pelleted by Dyets, Inc. (Bethlehem, PA).
All experimental procedures were approved by the Wistar In-
stitute Animal Care and Use Committee (IUCAC). 

Statistical methods. ANOVA was determined using a gen-
eral linear models procedure (SAS PROC GLM-SAS Soft-
ware, Carey, NC). The Student–Newman–Keuls multiple
comparison test was used to determine which of the treat-
ments significantly affected the dependent variables. Analy-
sis of the severity of aortic atherosclerosis was carried out
using the Kruskal–Wallis one-way analysis on ranks.

RESULTS

Atherogenesis. Our findings are summarized in Table 5. The
rabbits showed minimal change in body weight. Liver
weights (actual) and relative liver weights (as % body weight)
were in the same range for all groups. Serum cholesterol lev-
els in the control group were slightly higher than those in the
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TABLE 1
Semipurified, Atherogenic Dieta

Ingredient % % Calories

Casein 25.00 25.8
DL-Methionine 0.20
Sucrose 20.48 21.1
Starch 20.00 20.6
Cholesterol 0.20
Coconut oil 13.00 30.1
Corn oil 1.00 2.3
Cellulose 15.00
Mineral mix 4.00
Vitamin mix 1.00
Choline bitartrate 0.12

Total 100.00 100.00
aCLA (0.5%) was added at the expense of sucrose. This addition increased
total caloric content of the diet by 2 kcal (388 to 390). Calories from fat were
increased by 3%. 

TABLE 2
Composition (%) of CLA Preparations Used in Atherogenesis Studya

CLA preparation

FA >90% c9,t11 >90% t10,c12 Mixture

c9,t11 CLA 91.6 2.9 42.8
t10,c12 CLA 1.8 93.2 44.6
Oleic (18:1) 4.4 0.8 5.7
Other 2.2 3.1 6.9
aAnalytical data provided by Natural ASA (Hovdebygda, Norway). c9,t11
CLA, cis9,trans11 CLA; t10,c12 CLA, trans10,cis12 CLA.

TABLE 3
Cholesterol-Free “Regression” Diet

Ingredient % % Calories

Casein 24.0 27.4
DL-Methionine 0.3
Sucrose 30.0 34.3
Cornstarch 20.0 22.9
Corn oila 6.0 15.4
Cellulose 14.0
Mineral mix 4.0
Vitamin mix 1.0
Choline chloride 0.7

Total 100.0 100.0
aCLA preparations (1%) added at expense of corn oil.

TABLE 4
Composition (%) of CLA Preparations Used in Regression Studya

CLA preparation

FA >90% c9,t11 >90% t10,c12 Mixture

c9,t11 CLA 88.6 5.7 44.3
t10,c12 CLA 3.0 89.5 43.9
Oleic acid (18:1) 3.7 1.6 5.5
Other 4.7 3.2 6.3
aAnalytical data provided by Natural ASA (Hovdebygda, Norway).



three test groups, but the differences were not significant.
Serum TG levels were lowest in rabbits fed the c9,t11 isomer
but were not significantly different from the other groups. The
rabbits fed the diet rich in c9,t11 CLA also had the lowest lev-
els of liver cholesterol (by 15–18%) but again none of the dif-
ferences were statistically significant. 

The rabbits fed the control diet exhibited significantly
more severe atherosclerosis than did those fed CLA. The dif-
ferences in both the aortic arch and thoracic aorta were sig-
nificant, being P = 0.010 and P = 0.009, respectively. There
were no differences among the three CLA preparations. In
general they reduced severity of lesions by 62% (mixed
CLA), 48% (c9,t11 CLA), and 55% (t10,c12 CLA) compared
with the control group. 

Regression study. Our findings are summarized in Table 6.
Replacement of the atherogenic diet by a cholesterol-free reg-

imen significantly lowered actual and relative liver weights
compared with the first control group (C1), but there were no
differences among the four surviving groups. Liver weight
was reduced by about 24% and liver cholesterol by about
29%. Serum cholesterol levels fell significantly in all the test
groups. The serum cholesterol levels in the second control
group fell most steeply and were significantly lower than
those in the three groups on CLA. 

There were no significant differences in serum cholesterol
among the three CLA groups, but rabbits fed the CLA mix
had higher levels than those fed c9,t11 CLA (by 53%) or
t10,c12 CLA (by 31%). In this study we also determined
serum HDL-cholesterol levels. The sera of group C1 were
lost, but among the four other groups the second control
group exhibited the highest % HDL cholesterol levels. The
differences in % HDL cholesterol between group C2 and the
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TABLE 5
Necropsy Dataa: Rabbits Fed Atherogenic Diet Plus 0.5% CLA for 90 d (mean ± SEM)

Group

Control c9,t11-CLA t10,c12-CLA CLA-mix

No. 9 9 10 10
Wt gain (g) 6 ± 29 –1 ± 12 –17 ± 12 –10 ± 10
Liver wt (g) 70.6 ± 5.04 59.8 ± 2.68a 69.1 ± 2.04a 69.8 ± 4.19
Liver % body wt 2.78 ± 0.21 2.29 ± 0.10a,b 2.67 ± 0.06a 2.67 ± 0.15b

Serum lipids (mg/dL)
Cholesterol 647 ± 66 556 ± 57 582 ± 46 511 ± 52
TG 198 ± 28 167 ± 32 186 ± 25 191 ± 24

Liver cholesterol (mg/g)
Total 3.10 ± 0.29 2.57 ± 0.26 3.17 ± 0.14 3.03 ± 0.18
Esterified 1.91 ± 0.22 1.53 ± 0.19 1.89 ± 0.15 1.87 ± 0.13
% Esterified 61.3 ± 2.13 59.0 ± 1.37 59.0 ± 1.85 61.4 ± 1.44

Atherosclerosisb

Aortic archc 2.39 ± 0.3a,b,c 1.56 ± 0.3a 1.10 ± 0.4b 1.10 ± 0.2c

Thoracic aortad 1.17 ± 0.4a,b 0.28 ± 0.1a 0.50 ± 0.2 0.25 ± 0.1b

aValues in horizontal row bearing same superscript roman letter are significantly different (P < 0.05) by t-test.
bSignificant by Kruskal–Willis one-way ANOVA on ranks.
cP = 0.010.
dP = 0.009.

TABLE 6
Influence of CLA Isomers and CLA Mix on Regression of Pre-established Atherosclerosis in Rabbitsa

C1 C2 c9,t11 t10,c12 Mix ANOVA

No. 8 8 8 8 8
∆ wt (g) 175 ± 88a 121 ± 51b 110 ± 60a,b 114 ± 162a,b 106 ± 85 NS
Liver wt (g) 83.9 ± 3.46a,b,c 60.4 ± 2.54a 62.4 ± 3.93b 63.4 ± 3.94c 69.4 ± 8.30 S
L% BWT 3.04 ± 0.10a,b,c,d 2.01 ± 0.08a 2.25 ± 0.11b 2.12 ± 0.11c 2.30 ± 0.23d S

Serum (mg/dL)
Cholesterol 677 ± 74a,b,c,d 116 ± 31a,f,g,h 262 ± 43b,f 307 ± 33c,g 401 ± 67d,h S
% HDL C — 17.3 ± 3.33a,b 10.8 ± 1.44 7.6 ± 1.22a 6.2 ± 1.08b S
TG 170 ± 9a,b,c,d 35 ± 4a,e,f,g 63 ± 7b,d 70 ± 10c,f 104 ± 20d,g S

Liver (g/liver)
Total C 1.16 ± 0.14a 0.79 ± 0.13 0.81 ± 0.12 0.69 ± 0.07a 0.91 ± 0.11 NS
Ester C 1.03 ± 0.13a 0.70 ± 0.12 0.72 ± 0.07 0.63 ± 0.06d 0.82 ± 0.10 NS
% ester 89.9 ± 1.34a 89.3 ± 1.38b 89.6 ± 0.78c 91.0 ± 1.17d 70.4 ± 1.28a,b,c,d NS

Aorta (0–4) Kruskal–Wallisb

Arch 2.3 ± 0.2 2.9 ± 0.4a 1.9 ± 0.3 2.1 ± 0.3 1.9 ± 0.2a NS
Thoracic 1.5 ± 0.1a,b 2.1 ± 0.4c,d,e 0.9 ± 0.28c 0.8 ± 0.2a,d 0.8 ± 0.2b,e P = 0.01

aValues in horizontal row bearing same superscript roman letter are significantly different (P < 0.05) by t-test. S = significant; NS = not significant.
bBy Kruskal–Wallis one-way ANOVA on ranks.



groups fed c9,t11 CLA, t10,c12 CLA, or the CLA mix were
significant by Student’s t-test. 

Serum TG were reduced significantly in all four surviving
groups. The lowest serum TG levels were seen in the second
control, and the pattern of TG levels was similar to that seen
for serum cholesterol, namely, c9,t11 < t10,c12 < mix. Total
liver cholesterol was reduced by 22–40% in the four surviving
groups (not significant), but the percentage of liver choles-
teryl ester was significantly lower in the rabbits fed the CLA
mix.

As is often observed in regression studies, the rabbits
placed on the second control (cholesterol-free) diet actually
exhibited increased severity of lesions, by 31% in the aortic
arch and by 42% in the thoracic aorta. Severity of aortic le-
sions fell in all three CLA-fed groups. The severity of lesions
in the aortic arch was 16, 5, and 16% lower than the initial
control in the groups fed c9,t11 CLA, t10,c12 CLA, and the
CLA mix, respectively. The severity of lesions in the aortic
arch in the three CLA groups was 36, 28, and 36% lower than
that seen in the second control. Lesions of the thoracic aorta
were 42% more severe in the second control (C2) than in the
first (C1). Compared with the first and second controls, aortic
lesions in rabbits fed the cholesterol-free regression diet were
reduced by 41 and 59% (c9,t11 CLA), 50 and 65% (t10,c12
CLA), and 50 and 65% (CLA mixed isomers). Differences of
severity of lesions in the thoracic aorta were significant, P =
0.011. These findings confirm our earlier observations (4).

DISCUSSION

We have confirmed our earlier findings that mixed CLA iso-
mers (0.5%) inhibit atherogenesis significantly in cholesterol-
fed rabbits and effect significant regression of established le-
sions when fed (1.0%) as part of a cholesterol-free regimen.
We have also shown that the major isomers of CLA (c9,t11
and t10,c12) exert similar effects. There were no significant
differences in effect among rabbits fed either isomer (about
90% pure) or the mixture of isomers (about 45% of each). 

The extent to which severity of atherosclerosis has been
inhibited or diminished is in the same range for all of our
studies. Thus, atherogenesis was inhibited by about 60% in
this study as well as in our previous studies (4,5), and regres-
sion of lesions was in the 35–45% range. These calculations
were based on total severity of atherosclerosis, i.e., aortic arch
plus thoracic aorta. 

Inhibition of experimental atherogenesis has been accom-
plished by a number of dietary or pharmacologic means, and
our findings are one more example of an effective agent. The
effect of CLA on regression of pre-established lesions is note-
worthy, however. In an earlier publication (4) we reviewed
the literature pertaining to attempted regression of atheromata
and found most of the efforts involving dietary [no fat (25),
corn oil (26), peanut oil (27)] or pharmacological [sitosterol
(28), dihydrocholesterol (29), clofibrate (30), thyroxine (31),
fluvastatin (32)] treatment had no effect on regression and
often led to exacerbation of lesions. Intravenous injection of

HDL protein (33), subcutaneous injection of diethylstilbes-
terol estradiol (34), and dietary cholestyramine (35) has been
reported to cause regression of lesions. 

The mechanism(s) by which CLA affects carcinogenesis
and atherogenesis are unresolved. In the case of effects on
atherosclerosis we must first examine CLA effects on lipid
metabolism. In the present study CLA feeding (mix or indi-
vidual isomers) had no significant effects on either serum or
liver lipids. Serum cholesterol levels in the CLA-fed groups
were 10–21% higher than those in the control group. Liver
cholesterol levels were lowest in rabbits fed the c9,t11 iso-
mer. In our initial study (3), rabbits were maintained on the
atherogenic diet for 22 wk and serum lipid levels determined
every week. At week 12 the cholesterol levels of the test and
control groups were the same. By week 22 serum lipid levels
of the CLA-fed rabbits had become significantly lower than
the control levels. However, subsequent CLA studies have
been terminated at 12 week (4,5) and, as in the original ex-
periment, there have been no differences in serum lipids be-
tween any of the dietary groups at that point in time. A review
of effects of CLA on lipid metabolism by Khosla and Fungwe
(36) shows that CLA effects may be erratic. 

CLA has been reported to exhibit antioxidant activity in
vivo (37) as well as in vitro (38). Since oxidized LDL may af-
fect atherogenicity, CLA may exert its anti-atherogenic ef-
fects in this manner. Assay for TBARS in plasma of control
and CLA-fed rabbits in our first study showed no differences,
but Kim et al. (39) suggest that the TBARS assay does not al-
ways correlate with the progression of atherosclerosis. Su-
gano et al. (40) found no significant differences in TBARS
values in serum and liver of CLA-fed or control rats. CLA ap-
pears to have minimal antioxidant activity (41,42). 

In rats CLA is incorporated into phospholipids (40,43) and
is also metabolized to arachidonic acid homologs. By sequen-
tially undergoing ∆6 desaturation, elongation, and ∆5 desatu-
ration, the c9,t11 isomer is converted to a cis5,cis8,cis11,
trans13 arachidonic acid isomer, which still retains the con-
jugated double bonds. The t10,c12 isomer is converted to the
cis5,cis8,trans12,cis14 arachidonic acid isomer (44). These
structural changes decrease availability of arachidonic acid
for prostaglandin (PG) formation and/or provide different
substrates, which would, in turn, give different PG. Liu and
Belury (45) showed that CLA reduced arachidonate content
and prostaglandin E2 (PGE2) synthesis in murine ker-
atinocytes. Kavanaugh et al. (46) reported that CLA reduced
phorbol ester-induced PGE2 production in mouse epidermis.
Sugano et al. (40) found that CLA significantly lowered PGE2
levels in serum and spleen of rats. 

CLA has been shown to inhibit (by 50%) production of in-
tracellular adhesion molecules ICAM-1 and E-selectin in
human umbilical vein endothelial cells (47). Dietary CLA
(1%) causes a significant reduction of ICAM levels in mice
bearing human tumors (48). 

The findings reported here confirm our earlier observations
(3–5) that a dietary CLA mixture inhibits atherosclerosis in
rabbits and also leads to significant regression of pre-estab-
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lished lesions. We now show that the c9,t11 and t10,c12 iso-
mers of CLA are identical to each other and to the CLA mix-
ture with regard to both atherogenesis and regression of le-
sions. The mechanism of CLA action remains moot but does
not appear to involve effects on serum lipids or lipid oxida-
tion. Future efforts should be directed at eicosanoid and cy-
tokine effects. Lusis (49) and Libby (50) have reviewed the
array of complex inflammatory and other factors that play a
role in atherogenesis.
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ABSTRACT: Seafood consumption during pregnancy carries
both benefits (high n-3 FA intake) and risks (exposure to environ-
mental contaminants) for the developing fetus. We determined the
impacts of marine n-3 FA and environmental contaminants on
gestational age (GA) of Nunavik women and the anthropometric
characteristics of their newborns. FA and contaminant (polychlo-
rinated biphenyls and mercury) concentrations were measured in
cord plasma of Nunavik newborns (n = 454) and compared with
those of a group of newborns (n = 29) from southern Québec.
Data were collected from hospital records and birth certificates.
In Nunavik newborns, arachidonic acid (AA) was two times lower
(P < 0.0001), whereas DHA concentration, the Σn-3/Σn-6 ratio,
and the percentage of n-3 highly unsaturated FA (HUFA) (of the
total HUFA) were three times higher (P < 0.0001) compared with
southern Québec newborns. After controlling for confounders,
GA and birth weight were higher by 5.4 d [95% confidence in-
terval (CI): 0.7–10.1] and 77 g (95% CI: −64 to 217) in the third
tertile of percentage of n-3 HUFA (of the total HUFA) as com-
pared with the first tertile. There was no evidence that contami-
nants had negative effects on GA or birth weight. In this seafood-
eating population, an increase in the proportion of n-3 HUFA (of
the total HUFA), measured in umbilical cord plasma phospho-
lipids, was associated with a significantly longer GA.

Paper no. L9444 in Lipids 39, 617–626 (July 2004).

Maternal diet is known to be associated with gestational age
(GA) as well as with birth weight (1). Furthermore, GA and
birth weight are important predictors of the survival and health
status of newborns (2,3). In our industrialized societies, prema-
turity (<37 wk), which is strongly associated with a low birth
weight (LBW) (<2500 g), is the second-highest cause of infant
death after birth defects (4). Furthermore, preterm LBW babies
who survive are more likely to suffer from severe and perma-
nent disabilities (5). A shortened GA predisposes to a defi-
ciency in nutrients that are needed for organ and tissue devel-
opment (6). Therefore, premature children are more likely to

be susceptible to various illnesses during their adult life than
those born full term (6,7).

Prostaglandins (PG) are potent myometrial contractile
agents that play an important role in the physiology of cervical
ripening, and are essential for parturition (8,9). Arachidonic
acid (AA) is the precursor of PGE2 and PGF2α, which stimu-
late contractions in the gravid human uterus (8,10). A high in-
take of n-3 highly unsaturated FA (HUFA) competitively de-
creases the endogenous production of AA-derived PG, such as
PGF2α and PGE2 that promote parturition (11–16).

Epidemiological and clinical studies have suggested that
marine n-3 HUFA can reduce or at least prevent prematurity
and its complications (17,18). Marine n-3 HUFA also have
been associated with increased birth weight and longer GA
(17,19–25). Results from two double-blind randomized trials
have shown that the gestational duration and birth weight could
be improved with fish oil supplementation during pregnancy as
compared with a placebo group (26,27). In a recent case–con-
trol study, the risk of premature delivery and LBW was re-
ported as 3.6 times higher among women who did not eat any
fish during pregnancy compared with a group whose mean in-
take of marine products was 44 g per day (18).

Several other maternal factors are associated with an in-
creasing risk of lower birth weight, such as insufficient caloric
intake and weight gain during pregnancy, anemia, gestational
diabetes, smoking, and adolescent pregnancy (28–33). In addi-
tion to these factors, environmental contaminants such as lead,
mercury, and polychlorinated biphenyls (PCB) are also sus-
pected to be related to adverse pregnancy outcomes and re-
duced growth (25,34–44).

The Nunavik region is located above the 55th parallel in the
province of Québec (Canada) and is inhabited primarily by
Inuit populations. Data from 1992 revealed that blood concen-
trations of organochlorines and mercury in these communities
were at least 10 times higher among Inuit adults compared with
a general population of adults living in southern regions of
Québec (45,46). The traditional Inuit diet consists primarily of
marine mammals [white whale (beluga) and seal], fish, and
caribou, which are eaten fresh (raw or cooked) or dried, with
use of the skin, blubber, liver, and fat in different meals (47,48).
Consumption of fish and marine mammals, rich in n-3 HUFA,
represents a significant part of the Inuit diet (47–50). In the
Santé Québec Health Survey Among the Inuit of Nunavik
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unsaturated FA; LA, linoleic acid; LBW, low birth weight; PCB, polychlori-
nated biphenyl; PG, prostaglandin; PL, phospholipids.



(1992), mean consumption of marine products among women
was 163 g per day (49). This consumption of marine products
is far greater than that for other Québec women living in south-
ern regions (established at 13 g per day) (50). Dewailly et al.
(49,50) have shown that the mean concentration of EPA and
DHA in plasma phospholipids (PL) of adults was significantly
higher among Inuit [7.95 ± 0.21 (SE)] than non-Inuit popula-
tions [1.79 ± 0.51 (SE)]. Although the high consumption of ma-
rine products by Inuit women could be a benefit during preg-
nancy, it also represents a paradox: Marine foods provide n-3
HUFA that are beneficial for fetal growth, but they are also po-
tentially harmful because of the high concentrations of contami-
nants.

From a public health standpoint, it is therefore important to
examine the effects of the traditional Inuit diet on pregnancy
outcomes. To our knowledge, only one epidemiological study
conducted in the Faroe Islands has considered both FA and
food chain contaminants (mercury and PCBs) in their analysis
(25). The aim of the present study is primarily to determine the
impact of marine n-3 HUFA on the GA of Nunavik mothers
and the anthropometric characteristics of their newborns, while
controlling for the effects of environmental contaminants.

SUBJECTS AND METHODS

Study population. Participants with placenta previa (n = 1), pre-
mature rupture of membranes (n = 12), preeclampsia (n = 16),
intrauterine growth retardation (n = 2), GA ≤ 35 wk (n = 2),
and LBW delivery (<2500 g) (n = 5) were excluded. Forty-four
subjects failed to complete the questionnaire, but FA and envi-
ronmental contaminant concentrations in cord blood were mea-
sured. Among the participating mothers, 51.5% (n = 234) came
from Hudson Bay and 48.5% (n = 220) from Ungava Bay. The
population under study is represented by Inuit women who
lived in the 14 coastal villages of Nunavik as well as their in-
fants born at the Tulattavik Health Centre (Ungava Bay) and
Inuulitsivik Health Centre (Hudson Bay) between November
1993 and December 1996. During this period, 491 Inuit women
agreed to participate. Women who delivered outside the Nunavik
region or at their community nursing stations were not re-
cruited.

Procedures and variables. The protocol was first approved
by Laval University’s Ethics Committee and also by the Physi-
cians and Dentists Committee of each Health Centre involved
in this project. Informed consent was obtained from each par-
ticipant. The following information was obtained from medical
records of the mothers: GA, pre-pregnancy weight, pre-deliv-
ery weight, weight gain during pregnancy, twin pregnancy, age,
parity and previous deliveries, smoking status before and dur-
ing pregnancy, anemia, gestational diabetes, other health prob-
lems occurring during pregnancy, and vitamin and drug use
during pregnancy. The first day of the last menstrual period was
used to estimate the GA. Birth date, gender, birth weight,
length, head and thoracic circumferences, APGAR score at 5
min, intrauterine growth retardation, cardiac problems, and any
other health problems were obtained from the medical records

of newborns. Unfortunately, thoracic circumference measure-
ments were available for newborns only from Ungava Bay,
whereas GA values were unavailable.

Cord plasma samples from a southern Québec reference
group were used only to compare FA and environmental conta-
minant concentrations with samples from Nunavik Inuit new-
borns. This group consisted of a subsample of full-term (>37 wk
of gestation) newborns (n = 29) randomly selected for FA mea-
surement among 1,109 newborns who had participated in a sur-
vey from June 1993 to July 1994 (52). The principal aim of this
survey was to evaluate the cord blood concentrations of environ-
mental contaminants in southern Québec Caucasian newborns.
Owing to budgetary constraints, we analyzed FA concentrations
only in a subsample of these newborns for the present project.

LABORATORY PROCEDURES

General procedure. After the cord was severed, blood was col-
lected from the umbilical vein using a syringe. The blood was
transferred into heparinized vacutainer tubes with EDTA. After
centrifugation, plasma samples were stored in glass vials frozen
at −20°C until the time of analyses.

Plasma PL FA. FA were determined from the PL fraction by
the Lipid Analytical Labs, University of Guelph. To determine
the PL fraction, 200-µL aliquots of plasma were extracted fol-
lowing the addition of chloroform/methanol (2:1, vol/vol) in
the presence of a known amount of internal standard (dihep-
tadecanoyl PL) (53). The total PL was isolated from the lipid
extract by TLC using heptane/isopropyl ether/acetic acid
(60:40:3, by vol) as the developing solvent. Following trans-
methylation using BF3/methanol, the FA profile was deter-
mined by capillary GLC. The FA concentrations in plasma PL
were expressed as percentages of the total area of all FA peaks
from 14:0 to 24:1. In this study, plasma PL concentrations of
FA correspond to relative percentages of total FA by weight.
The detection limit for FA was 0.02% of the total FA in plasma
PL. A total of 27 FA were identified in more than 75% of the
subjects. For clarity, the concentrations of only 10 individual
PUFA and 11 FA groups are reported.

Mercury and PCB analyses. Mercury and organochlorine
compound analyses were performed at the Direction de la toxi-
cologie humaine (Institut national de santé publique du Québec),
a laboratory accredited by the Canadian Association for Envi-
ronmental Analytical Laboratories. Lead (Pb) concentrations
were determined in whole cord blood with a graphite furnace
atomic absorption spectrometer (ZL-4100, PerkinElmer Corp.,
Norwalk, CT). The detection limit was 0.01 µmol/L. Cold-vapor
atomic absorption spectrometry was used to measure total mer-
cury (Hg) in cord blood. The blood was initially digested with
nitric acid. Mercury was then reduced with anhydrous stannous
chloride (SnCl2). Metallic mercury was volatilized and detected
by atomic absorption. The detection limit was 1 nmol/L. Quality
control measures were described elsewhere (52).

To extract PCB congeners, a 1:1:3 mixture of ammonium
sulfate/ethanol/hexane was first added to the plasma. The ex-
tracts were then concentrated and purified on two Florisil
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columns (60–100 mesh; Fisher Scientific, Nepean, Ontario,
Canada). The 14 most prevalent PCB congeners (IUPAC nos.
28, 52, 99, 101, 105, 118, 128, 138, 153, 156, 170, 180, 183,
and 187) were measured in purified extracts with a Hewlett-
Packard 5890 high-resolution gas chromatograph equipped
with dual capillary columns (Hewlett-Packard Ultra I and Ultra
II) and dual Ni-63 electron capture detectors (Hewlett-Packard,
Palo Alto, CA). Quality control procedures were described
elsewhere (52). The detection limit was 0.02 µg/L for PCB
congeners. To adjust PCB concentrations on a lipid basis, stan-
dard enzymatic procedures were used to determine total cho-
lesterol, free cholesterol, and TG in plasma samples; and
plasma PL were determined according to the enzymatic
method of Takayama et al. (54). Concentration of total plasma
lipids was estimated according to the formula developed by
Philips et al. (55). Lipid analyses were performed by the Cen-
tre de recherche sur les maladies lipidiques of the Centre hos-
pitalier de l’Université Laval.

Statistical analysis. Frequency distribution of environmen-
tal contaminants displayed a lognormal distribution; therefore,
we used the geometric mean and 95% confidence intervals (CI)
to describe the results. Student’s t-test was applied to compare
cord blood FA and environmental contaminant concentrations
between Nunavik and southern Québec newborns. The Pear-
son correlation coefficient was employed first to measure the
intercorrelation between PUFA and then to evaluate associa-
tions between PUFA and the characteristics of mothers and
newborns. In each tertile group of FA and contaminant concen-
trations, we analyzed the distribution of GA and birth weights.
Arithmetic means of GA and birth weight distributions in each
tertile were compared using ANOVA. Because an increased
proportion of n-3 HUFA (in the total HUFA) of tissues is asso-
ciated with a lower proportion of n-6 HUFA and a lower rate
of formation of n-6 eicosanoids (56), the percentage of n-3
HUFA (of the total HUFA) was used as a surrogate indicator of
n-6 eicosanoid production. Covariance analysis was used to
calculate adjusted mean birth weight and GA according to ter-
tiles of percentage of n-3 HUFA (of the total HUFA). Two-by-
two comparisons of these means were performed using Schef-
fé’s multiple-comparison test. The variables known to influence
GA, birth weight, and PUFA were controlled for in the analy-

sis. Covariates that were included in the models were: pre-preg-
nancy weight (kg), pre-delivery weight (kg), weight gain dur-
ing pregnancy (kg), age (yr), parity (0, 1+), smoking status dur-
ing pregnancy (yes, no), gestational diabetes (yes, no), anemia
(yes, no), newborn gender (boy, girl), coastal region (Ungava
Bay, Hudson Bay), and cord blood contaminants (Hg, Pb, PCB
congener 153). Only those with a confounding effect were re-
tained in covariance analyses, i.e., those that modified the n-3
HUFA and GA or the n-3 HUFA and birth weight relation by
more than 10%. Congener 153 was used as a surrogate for PCB
exposure in this population (57). Statistical analyses were per-
formed using the SAS program for Windows v.8 (SAS Insti-
tute Inc., Cary, NC). Differences between groups and associa-
tions were considered significant at P < 0.05 (bilateral).

RESULTS

Characteristics of the Nunavik mothers are presented in Table
1. Sixteen percent (16.2%) of the mothers were under 18 yr of
age, 45.5% between 18 and 24 yr, 35.6% between 25 and 34
yr, and only 3% over 35 yr. Despite the young age, more than
60% had more than three live births. Approximately 85% of
the women smoked during pregnancy. The proportion of
women who smoked 1–10 cigarettes/d and ≥11 cigarettes/d
was, respectively, 60 and 40%. The results showed a higher av-
erage birth weight, height, and head circumference among boys
than girls (Table 2).

Cord blood concentrations of mercury were 18 times higher
in Nunavik than in southern Québec newborns (Table 3). Lead
and PCB congener 153 concentrations in cord blood were, re-
spectively, 2.4 and 3.6 times higher in Nunavik than in south-
ern Québec neonates. Total saturated FA (ΣSAFA) concentra-
tions in umbilical cord plasma were higher in the southern
Québec group, whereas total monounsaturated FA (ΣMUFA)
were lower (Table 4). The plasma concentrations of the n-6 pre-
cursor, linoleic acid (LA, 18:2n-6), were significantly higher in
Nunavik newborns, whereas AA, total n-6 (Σn-6), and total n-6
HUFA (Σn-6 HUFA) concentrations were significantly higher
in southern Québec newborns (Table 4). All n-3 HUFA con-
centrations were significantly higher in Nunavik than in south-
ern Québec newborns, except for docosapentaenoic acid (DPA,
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TABLE 1
Characteristics of Participants in a Study of Nunavik Mothers, Canada (1993–1996)

n Mean % 95% CIa

Gestational age (d) 149 275.5 — 274.0–277.0
Mother’s age (yr) 402 23.7 — 23.2–24.2
Pre-pregnancy weight (kg) 315 59.5 — 58.4–60.6
Pre-delivery weight (kg) 369 69.8 — 68.8–70.9
Weight gain during pregnancy (kg) 304 9.4 — 8.9–10.0
Smoked during pregnancy 341 — 85.6 81.9–89.3
Gestational diabetes 308 — 7.1 4.2–10.0
Parity 380
0 — 17.9 14.0–21.8
1 or 2 — 20.5 16.4–24.6
>3 — 61.6 56.7–66.5

a95% confidence interval.
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TABLE 2
Characteristics of Nunavik Newborns

Mean (95% CIa )

n Male n Female

Birth weight (g) 197 3567 203 3438
(3508–3626) (3377–3500)

Height (cm) 189 51.8 192 50.8
(51.5–52.1) (50.4–51.2)

Head circumference (cm) 185 34.9 188 34.3
(34.7–35.1) (34.1–34.6)

Thoracic circumference (cm) 90 34.8 99 34.5
(34.4–35.1) (34.1–34.8)

aFor abbreviation see Table 1.

TABLE 3
Means and 95% CI of Corn Blood Concentrations of Lead, Mercury,
and Polychlorinated Biphenyls (PCB)

GMa (95% CI)

Nunavik Southern Québec
Contaminants (n = 439) (n = 29)

Mercury (nmol/L) 70.5* 3.8
(65.3–76.0) (2.9–5.1)

Lead (µmol/L) 0.19* 0.08
(0.18–0.21) (0.07–0.10)

ΣPCBb (µg/kg lipid basis) 322.1* 129.0
(303.5–341.9) (109.3–152.1)

PCB congener 153 (µg/kg lipid basis) 94.2* 26.1
(87.9–100.9) (21.0–32.5)

aGM, geometric mean. (*) Difference between southern Québec and Nunavik significant at
P < 0.0001 (P-value obtained by Student’s t-test). For other abbreviation see Table 1.
bΣPCB = sum of the 14 most prevalent PCB congeners (IUPAC nos. 28, 52, 99, 101, 105, 118, 128,
138, 153, 156, 170, 180, 183, and 187).

TABLE 4
Comparison of FA Concentrations in Umbilical Cord Plasma Phospholipids
Between Nunavik and Southern Québec Newborns

Nunavik Southern Québec
mean ± SEb mean ± SE Student’s t-test

FAa n = 398 n = 29 P-value

ΣSAFAc 49.40 ± 0.11 52.51 ± 0.38 <0.0001
ΣMUFAd 17.85 ± 0.14 12.20 ± 0.29 <0.0001
18:2 (n-6) (LA) 9.58 ± 0.10 6.91 ± 0.16 <0.0001
20:2 (n-6) 0.74 ± 0.03 0.95 ± 0.06 0.0038
20:3 (n-6) 5.22 ± 0.04 5.12 ± 0.13 0.5496
20:4 (n-6) (AA) 10.12 ± 0.12 17.63 ± 0.26 <0.0001
22:4 (n-6) 0.52 ± 0.009 0.80 ± 0.04 <0.0001
22:5 (n-6) (DPAn-6) 0.28 ± 0.02 1.08 ± 0.06 <0.0001
Σn-6e 26.66 ± 0.15 32.61 ± 0.28 <0.0001
Σn-6HUFAf 16.14 ± 0.14 24.62 ± 0.26 <0.0001
18:3 (n-3) (ALA) 0.03 ± 0.003 0.02 ± 0.004 0.0002
20:5 (n-3) (EPA) 0.38 ± 0.02 0.20 ± 0.02 <0.0001
22:5 (n-3) (DPAn-3) 0.28 ± 0.009 0.53 ± 0.05 <0.0001
22:6 (n-3) (DHA) 3.66 ± 0.06 1.16 ± 0.04 <0.0001
EPA + DHA 4.04 ± 0.07 1.36 ± 0.04 <0.0001
Σn-3g 4.51 ± 0.08 2.02 ± 0.08 <0.0001
Σn-3HUFAh 4.44 ± 0.08 1.98 ± 0.08 <0.0001
ΣPUFA 31.18 ± 0.18 34.63 ± 0.24 <0.0001
ΣHUFAi 20.58 ± 0.19 26.60 ± 0.24 <0.0001
Σn-3/Σn-6 0.17 ± 0.003 0.06 ± 0.003 <0.0001
%n-3HUFAj 21.27 ± 0.28 7.48 ± 0.31 <0.0001
aLA, linoleic acid; AA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid.
bArithmetic mean ± SE; relative concentrations are expressed as the percentage of total FA in umbilical cord plasma phospho-
lipids.
cΣSAFA = sum of saturated FA (14:0 + 15:0 + 16:0 + 18:0 + 20:0 + 22:0 + 24:0).
dΣMUFA = sum of monounsaturated FA (14:1 + 18:1 + 20:1 + 22:1 + 24:1).
eΣn-6 = sum of n-6 PUFA (18:2 + 18:3 + 20:2 + 20:3 + 20:4 + 22:2 + 22:4 + 22:5).
fΣn-6 HUFA = sum of n-6 highly unsaturated FA (20:3 + 20:4 + 22:4 + 22:5).
gΣn-3 = sum of n-3 PUFA (18:3 + 18:4 + 20:3 + 20:4 + 20:5 + 22:5 + 22:6).
hΣn-3 HUFA = sum of n-3 highly unsaturated FA (20:3 + 20:4 + 20:5 + 22:5 + 22:6).
iΣHUFA = Σn-6 HUFA+ Σn-3 HUFA.
j%n-3 HUFA = (Σn-3 HUFA/ΣHUFA) × 100.



22:5n-3). Σn-3 and Σn-3 HUFA concentrations were 2.2 times
higher in newborns of Nunavik. Moreover, DHA, the Σn-3/Σn-6
ratio, and the percentage of n-3 HUFA (of the total HUFA)
were three  times higher in Nunavik than in the comparison
group.

Mean GA and mean birth weight according to the tertile

group of FA, mercury (nmol/L), and PCB congener 153 (µg/kg
lipid basis) are presented in Table 5. We observed a significant
positive relationship between birth weight and the concentra-
tions of Σn-3/Σn-6, percentage of n-3 HUFA (of the total
HUFA), and congener 153. A positive trend in birth weight ac-
cording to mercury concentrations was also found. Although
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TABLE 5
Unadjusted Mean Values of Birth Weight and Gestational Age by Tertile of Cord Blood FAa,
Mercury (nmol/L), and PCB Congener 153 (µg/kg lipid basis)

Birth weight (g) Gestational age (d)

(n = 351) (n = 114)

Mean P-valuec Mean P-value
AA 0.07 0.52
<8.76 3542 274.7
8.76–10.70 3570 276.3
>10.70 3446 277.4

EPA 0.42 0.25
<0.21 3474 273.6
0.21–0.39 3541 276.0
>0.39 3537 277.2

DHA 0.06 0.18
<2.99 3486 273.7
2.99–4.03 3469 276.2
>4.03 3592 277.6

Σn-3/Σn-6 0.006 0.15
<0.14 3446 273.6
0.14–0.18 3486 275.6
>0.18 3617 277.8

%n-3 HUFA 0.003 0.02
<18.60 3415 272.7
18.60–22.96 3526 274.8
>22.96 3610 278.7

Mercury 0.06 0.91
<48.0 3447 274.7
48.0–102 3496 275.3
>102 3575 275.6

PCB congener 153 0.009 0.24
<71.83 3410 274.0
71.83–126.33 3557 277.4
>126.33 3549 275.1

aRelative concentrations are expressed as the percentage of total FA in umbilical cord plasma phospholipids.
bP-values obtained by ANOVA. For abbreviations see Tables 3 and 4.

FIG. 1. Relationship between gestational age (d) and birth weight (g).



the birth weight variance was explained by GA, these variables
were weakly correlated (R2 = 0.07) (Fig. 1). After controlling
for confounders, the mean GA in the third tertile of percentage
of n-3 HUFA (of the total HUFA) was significantly higher by
5.4 d (95% CI: 0.7–10.1) compared with the first tertile (Fig.
2A). A difference of 77 g (95% CI: −64 to 217) in the mean ad-
justed birth weight was observed in the third tertile of percent-
age of n-3 HUFA (of the total HUFA) compared with the first
tertile, but this result was not statistically significant (Fig. 2B).

DISCUSSION

Our study suggests a positive relationship between the per-
centage of n-3 HUFA (over total HUFA) and the GA of new-
borns in Nunavik. After adjustment for various confounders,
an increase in average GA of 5.4 d was reported among the
newborns in the third tertile of percentage of n-3 HUFA (of
the total HUFA) compared with the first tertile. After adjust-
ment for confounding factors, Olsen et al. (20) observed in
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FIG. 2. Adjusted mean gestational age (A) and birth weight (B) according to tertiles of percentage
n-3 HUFA (of the total HUFA) in umbilical cord blood. P-values for trends were obtained by
analysis of covariance. *Difference significant, P < 0.05 (Scheffé’s multiple-comparison test). (A)
Adjusted for weight gain during pregnancy, gestational diabetes, cord blood mercury, lead, and
PCB congener 153. (B) Adjusted for pre-pregnancy weight, weight gain during pregnancy, parity,
smoking status during pregnancy, gestational diabetes, age, cord blood mercury, and PCB con-
gener 153. CI, confidence interval; %n-3 HUFA, percentage of n-3 highly unsaturated FA; PCB,
polychlorinated biphenyl.



Danes that a 20% increase in the [(EPA + DPAn-3 + DHA)/AA]
ratio, measured in the erythrocyte membranes of mothers after
delivery (<48 h), was associated with an increase of 5.7 d
(95% CI: 1.4–10.1) of the pregnancy duration and 0.7 d (95%
CI: −2.0 to 3.3) in women of the Faroe Islands. However, the
results were not significant with GA in the combined groups.
In Faroe Islands women, Grandjean et al. (25) reported a pos-
itive association between GA and DHA tertiles measured in
cord plasma PL, but a negative relationship between birth
weight and EPA tertiles. Helland et al. (58) observed a signif-
icantly longer GA (7.1 d) when comparing the last quartile of
DHA concentrations measured in umbilical cord plasma PL
with the first quartile. In the present study, no significant dif-
ference was noted between tertiles of DHA and the GA, and
the birth weight (except for head circumference, data not
shown).

The intensity of n-6 eicosanoid action depends in part on the
rate of n-6 eicosanoid formation—which depends on the rela-
tive availability of the n-6 HUFA precursor to the oxygenase—
which depends on the relative abundance of the n-6 HUFA in
tissue PL (14). A high intake of n-3 HUFA during pregnancy
may decrease the concentrations of AA, the most prevalent n-6
HUFA, in the tissues and therefore reduce the endogenous pro-
duction of strong, biologically active PG (PGE2 and PGF2α),
which are involved in cervical ripening and myometrial con-
tractions (8–10,13,14,59,60). Arntzen et al. (13) demonstrated
that the production of PGE2 and PGF2α in decidual cells was
significantly lower when EPA or DHA was added to the AA in
the cell culture medium. It was suggested that n-3 HUFA may
increase the fetal growth rate by decreasing thromboxane A2
production and reducing blood viscosity and therefore facilitat-
ing placental blood flow (61,62). In a recent randomized clini-
cal trial, almost the same results in GA and birth weight as our
study were obtained with an increase in DHA intake of 100
mg/d from enriched eggs (63). Compared with the ordinary egg
group, a significant increase in the gestation length of 6.0 ± 2.3
d (P = 0.009) and a nonsignificant difference of 83 ± 62 g (P =
0.184) were observed in the high-DHA egg group, after adjust-
ment for confounders. Furthermore, two double-blind random-
ized experimental trials with fish oil conducted among preg-
nant women showed positive and significant relationships be-
tween supplementation with n-3 HUFA and GA as well as birth
weight (26,27). However, Olsen et al. (27) did not observe, in
comparison with a placebo group, significant effects of n-3
HUFA on GA and birth weight in women with any of the fol-
lowing gestational conditions: twin pregnancy, preeclampsia,
or intrauterine growth retardation. 

Because the human fetus cannot synthesize AA and DHA,
it is therefore strongly dependent on the mothers’ consumption
and metabolism as well as on placental transport of these FA
(5,64–67). In our study, FA were determined in cord blood as
an indirect indicator of the FA in mothers. Van Houwelingen et
al. (11) observed in newborns whose mothers had consumed
fish oil supplement during pregnancy that EPA and DHA con-
centrations in umbilical plasma PL were significantly higher
compared with a control group. Moreover, this association

was related to a significant reduction of AA concentrations in
umbilical cord plasma PL in newborns. The higher proportion
of n-3 HUFA (of the total HUFA) reported in umbilical cord
blood of Nunavik newborns, which was associated with a
lower proportion of n-6 HUFA and a lower rate of formation of
n-6 eicosanoids, could reflect a greater n-3 HUFA accumula-
tion in the mothers’ tissues through a high intake of marine
foods.

Plasma concentrations of AA were lower in Nunavik new-
borns, whereas concentrations of LA (18:2n-6) were signifi-
cantly higher in comparison with newborns of southern
Québec. Surprisingly, lower concentrations of AA and adrenic
acid (22:4n-6) were noted in Nunavik compared with southern
Québec newborns in spite of comparable concentrations of
their precursors, i.e., dihomo-γ-linolenic acid (20:3n-6), in both
groups. These results may indicate a reduction in expression of
∆5-desaturase enzyme in Nunavik newborns. Other researchers
have observed such results among Greenland Inuit (68–70).
Decreased activity of this enzyme could reflect a different level
of genetic expression or a different degree of regulation be-
cause of their high intake of n-3 HUFA (71). Grandjean and
Weihe (72) recently found a negative association between PCB
and AA plasma concentrations in maternal and umbilical cord
serum (72). If ∆5-desaturase activity is genetically inhibited
among the Inuit of Nunavik, this could have important impli-
cations.

In our sample, we noted that birth weight was significantly
higher in the second and third tertiles of PCB congener 153
comparated with the first tertile (Table 5). Fein et al. (34) re-
ported that newborns from Michigan state whose PCB concen-
tration in cord blood was higher than or equal to 3.0 ng/mL had
a smaller head circumference (P < 0.001) and a lower birth
weight (P < 0.05) than those with concentrations under 3.0
ng/mL. The exposure level to PCB congener 153 in this Michi-
gan cohort (120 ng/g serum lipid) was similar to what we have
noted (100 ng/g serum lipid) in Nunavik Inuit and fourfold
lower than in Faroe Islanders (74). In Faroe Islanders, no evi-
dence of negative effects on birth weight or GA was seen in as-
sociation with umbilical cord blood concentrations of either
mercury or PCB (25). In another study carried out in the same
area, Grandjean and Weihe (39) found a positive association
between cord blood mercury concentrations and birth weight.
In the present study, the higher birth weight seen in the third
tertiles of PCB congener 153 and mercury compared with the
first tertile could be due to the positive association between en-
vironmental contaminants and Σn-3 HUFA, which are found
mainly in marine products. However, the Pearson correlation
coefficients between contaminants and Σn-3 HUFA (0.125–
0.239; P < 0.0005), and Σn-6 HUFA (−0.142 to −0.331;
P < 0.0005), were not very high. Increasing birth weight also
could be due to factors other than those measured in the present
study. Finally, lead levels in our group were well below the neg-
ative association observed with gestational age (42,43).

The results of this study should be interpreted with caution.
Estimating GA by using the last normal menstrual period of the
mother may be subject to considerable error, especially because
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of recall bias, bleeding after conception interpreted as normal
menstruation, irregular menstrual cycles, or late ovulation
(75,76). Contrary to GA, birth weight measurement is usually
better reported in medical records (77). The power of the study
could have been reduced because GA was not available among
Ungava Bay women. Furthermore, no data were collected on
the number of induced deliveries. Our sample is not necessar-
ily representative of the Nunavik population. In fact, mean birth
weight, proportion of premature births, and LBW in our sam-
ple were significantly lower than those reported for the Nunavik
region in the Provincial birth registry for the 1993–1996 pe-
riod. The exclusion from our sample of women suffering from
complications during pregnancy, who were evacuated to south-
ern Québec hospitals, could explain such results.

In this population having high intakes of seafood, an in-
crease in the proportion of umbilical cord plasma PL of n-3
HUFA (of the total HUFA) was associated with a significantly
longer GA. Furthermore, no evidence of negative effects of
mercury or PCB concentrations on GA and birth weight was
found. Marine sources of n-3 FA are important because they
not only enhance the health of infants but also provide numer-
ous advantages for adults (78–88). Before making recommen-
dations to reduce the exposure of the fetus to contaminants con-
tained in marine products, all the impacts they may have should
be considered. As stated by the joint Food and Agriculture Or-
ganization/World Health Organization Expert Committee on
Food Additives (89): “Fish makes an important contribution to
nutrition, especially in certain regional and ethnic diets, and the
Committee recommended that its nutritional benefits be
weighed against the possibility of harm when limits on
methylmercury concentrations in fish or on fish consumption
are being considered.” This statement particularly applies to
populations such as the Inuit of Nunavik, where marine prod-
ucts play a major role in their cultural heritage. Further studies
are needed to find out whether the lower AA concentrations ob-
served among Nunavik newborns are related to the FA content
of the diet or to a lower expression of ∆5-desaturase (by ge-
netic expression or by PCB exposure) of their mothers.
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ABSTRACT: Indian diets comprising staples such as cereals,
millets, and pulses provide 4.8 energy % from linoleic acid
(18:2n-6) but fail to deliver adequate amounts of n-3 FA. Con-
sumption of long-chain n-3 PUFA such as EPA (20:5n-3) and
DHA (22:6n-3) is restricted to those who consume fish. The ma-
jority of the Indian population, however, are vegetarians need-
ing additional dietary sources of n-3 PUFA. The present work
was designed to use n-3 FA-enriched spray-dried milk powder
to provide n-3 FA. Whole milk was supplemented with linseed
oil to provide α-linolenic acid (LNA, 18:3n-3), with fish oil to
provide EPA and DHA, or with groundnut oil (GNO), which is
devoid of n-3 PUFA, and then spray-dried. Male Wistar rats
were fed the spray-dried milk formulations for 60 d. The rats
given formulations containing n-3 FA showed significant in-
creases (P < 0.001) in the levels of LNA or EPA/DHA in the
serum and in tissue lipids as compared with those fed the GNO
control formulation. Rats fed formulations containing n-3 FA
had 30–35% lower levels of serum total cholesterol and
25–30% lower levels of serum TAG than control animals. Total
cholesterol and TAG in the livers of rats fed the formulations
containing n-3 FA were lower by 18–30% and 11–18%, respec-
tively, compared with control animals. This study showed that
spray-dried milk formulations supplemented with n-3 FA are an
effective means of improving dietary n-3 FA intake, which may
decrease the risk factors associated with cardiovascular disease.

Paper no. L9474 in Lipids 39, 627–632 (July 2004).

Over the past decades, the intake of n-6 FA has increased be-
cause of the increased use of vegetable oils in our diets (1). In
addition to visible fats coming from vegetable oils, such as
groundnut oil [GNO, i.e., peanut oil, with 32% linoleic acid
(LA)], mustard oil (with 22% LA), and sunflower oil (with
70% LA), Indian diets comprising cereals, pulses, and millets
also contain lipids termed “invisible fats.” Based on surveys
conducted on Indian dietary patterns, Ghafoorunissa (2,3) has
estimated that Indians derive 12.6 g of LA per day, equiva-
lent to 4.8 energy % (en%), from visible and invisible fats.
The requirement for LA as an EFA is 3 en% (2). Hence, In-
dian diets provide adequate amounts of LA. However, the in-
take of n-3 FA by Indians is in the range of 0.3 g in the rural
population and 0.6 g in the urban population, equivalent to
0.2–0.3 en% (3,4). A number of scientific and regulatory

agencies, such as the Committee on Medical Aspects of Food
Policy, Department of Health, in the United Kingdom; the
British Nutrition Foundation; the European Commission’s
Scientific Committee on Food; and the Food and Agricultural
Organization of the United Nations/World Health Organiza-
tion have recommended that n-3 PUFA be increased to ap-
proximately 0.7–1.0 en%. These recommendations have been
summarized in detail by Roche (5), Stanley (6), and Sander-
son et al. (7). Recently, experts also have debated and agreed
on the essentiality of n-3 PUFA in the diet (8,9). Even though
India has no specific recommendations for the intake of n-3
PUFA, several studies conducted by the National Institute of
Nutrition, an organization of the Indian Council of Medical
Research, have suggested that an intake of 0.75 en% from α-
linolenic acid (LNA) and 0.2 en% from EPA and DHA would
have a positive impact on the prevention of coronary heart
disease in India (3,10–12). Soybean, canola, perilla, and wal-
nut oils, although good sources of LNA, are not used on a reg-
ular basis in India. Mustard oil, which contains about 10%
LNA, is used in some parts of India. However, it also contains
about 50% erucic acid (22:1cis-13), which is a concern for
many individuals, as erucic acid levels higher than 7% in the
oil of the diet are known to cause myocardial lipidosis and fi-
brosis in experimental animals (13). These observations of
the dietary habits of normal Indian subjects, as well as bio-
chemical indices such as the plasma and platelet phospholipid
n-3 FA profiles, reinforce the need to improve the n-3 FA in-
take (3). Oily fish can provide sufficient amounts of n-3 FA
such as EPA and DHA; however, many Indians refrain from
eating fish, as it is a nonvegetarian food. Linseed (Linum usi-
tatissimum), which is rich in LNA, is an economically impor-
tant oilseed crop used for edible purposes in the central and
northeastern regions of India. The beneficial properties of lin-
seed oil (LSO) (14–16) and fish oil (FO) (17) have been dis-
cussed in detail in earlier research. LSO could be exploited as
an alternate source of n-3 FA if it could be delivered in ap-
propriate form. However, LSO has very limited utility be-
cause it polymerizes rapidly if not processed properly. 

The direct use of these n-3 FA-rich oils, either as single
oils or as blends, has certain limitations with respect to sen-
sory qualities, acceptability, and accessibility. Hence, an al-
ternate means of delivering dietary n-3 PUFA to the Indian
population could be through enriching a food product such as
milk, a beverage commonly consumed by all segments of the
population. Milk also contains additional components that
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may have significant health benefits. Milk fat is a good source
of CLA (18) with putative antiatherogenic properties (19).
Milk also contains short- and medium-chain FA, which are
more readily absorbed, digested, and oxidized through carni-
tine-independent pathways without hindering the formation
of chylomicrons (20). Studies have emphasized the important
traditional role of milk as a supplier of nutrients because of
its versatility and high nutrient density (21). Bovine milk is
widely used in India by people of different age groups. In
spite of its high nutritional value, however, it is devoid of FA
of the n-3 family such as LNA, EPA, and DHA. In this re-
search, we developed a process for incorporating n-3 PUFA-
rich oils into milk and then spray-drying it without affecting
the overall quality (22). This spray-dried milk could then be
reconstituted with water to provide n-3 FA.

The present experiment was designed to study the feasibil-
ity of using milk in spray-dried form to deliver n-3 FA from
LSO or FO. The implications for several risk factors for car-
diovascular disease were also studied.

MATERIALS AND METHODS

Materials. Cholesterol, dipalmitoyl PC, triolein, boron triflu-
oride in methanol, and alpha cellulose were purchased from
Sigma Chemical Co. (St. Louis, MO). Heparin and MnCl2
were obtained from Sisco Research Laboratory (Mumbai,
India). Casein was purchased from Nimesh Corporation
(Mumbai, India). Maltodextrin was purchased from Laxmi
Starch Co. (Hyderabad, India). All solvents used were of ana-
lytical grade and were distilled prior to use. Milk was ob-
tained from a state-owned dairy. GNO, LSO, and FO were
purchased from a local market. 

Experimental animals. The experimental protocol was ap-
proved by the institutional animal ethics committee. Male
Wistar rats [OUTB-Wistar, IND-cft (2c)] weighing 49 ± 3 g
were grouped by random distribution into individual cages
and housed, under a 12-h light/dark cycle, in an approved an-
imal facility at the Central Food Technological Research In-
stitute in Mysore, India. Animals were given a fresh diet
daily, and leftover diets were weighed and discarded. The
gain in body weight of animals was monitored at regular in-
tervals. The animals were given free access to food and water
throughout the study. 

Preparation of n-3 FA-enriched spray-dried milk powder.
The FA profile of the milk used in the present study was as
follows (in %): 12:0, 1.8; 14:0, 9.7; 16:0, 33.0; 16:1, 1.7;
18:0, 9.8; 18:1, 37.2; and 18:2, 6.1. Three batches (70 L of
milk/batch) of spray-dried milk powder were prepared in a
pilot plant after supplementation with GNO, LSO, or FO (23).
The dried product, which was golden yellow in color and had
a smooth texture, was collected in a humidity-controlled
chamber and packed under nitrogen. The total fat content of
the milk enriched with GNO, LSO, or FO was 16%. A GNO-
enriched diet devoid of n-3 FA, which served as the control,
and the LSO and FO n-3 FA-enriched diets were fed to rats
ad libitum (24). After 60 d of feeding the formulations con-

taining GNO, LSO, or FO, the rats were fasted overnight and
sacrificed under ether anesthesia. Blood was drawn by car-
diac puncture, and serum was separated by centrifugation at
1100 × g for 30 min. The liver and other organs were re-
moved, rinsed with ice-cold saline, blotted, weighed, and
stored at −20°C until analyzed. 

Analysis of lipids. Lipids were extracted from serum and
tissues by the method of Folch et al. (25). Serum and liver
cholesterol levels were quantified by the method of Searcy
and Bergquist (26). HDL cholesterol was estimated after pre-
cipitating LDL with a heparin–MnCl2 reagent (27). Phospho-
lipids were measured by the method of Stewart (28) using di-
palmitoyl PC as a reference standard. TAG were estimated by
the method of Fletcher (29). FAME were prepared by using
boron trifluoride in methanol as described by Morrison and
Smith (30) and then analyzed by GC (Shimadzu model 14B,
fitted with an FID) using a 25 m × 0.25 mm fused-silica cap-
illary column (Parma bond FFAP-DF-0.25; Macherey-Nagel
GmBH; Düren, Germany). The operating conditions were as
follows: initial column temperature, 160°C; injector tempera-
ture, 210°C; detector temperature, 250°C. The column tem-
perature was programmed to ramp at 6°C per min to a final
temperature of 240°C, and nitrogen was used as the carrier
gas. Individual FA were identified by comparison with the re-
tention times of standards (Nu-Chek-Prep. Inc., Elysian MN)
and were quantified by an on-line Shimadzu Chromatopack
CR6A integrator. 

Statistical analysis. The results were analyzed statistically
by ANOVA (31). P values of <0.001 were considered to be
significantly different. 

RESULTS

Proximate composition of spray-dried milk powder. Analysis
of the proximate composition of spray-dried milk revealed
that the amounts of carbohydrate (59 ± 0.7%), protein (17 ±
0.4%), and fat (16 ± 0.2%) in both the LSO and FO formula-
tions were similar to that in the GNO control. There were no
significant differences with respect to the caloric value (458
± 1.6 cal), percent of total ash (4.4 ± 0.2%), and moisture con-
tent (3.28 ± 0.08%) (combined mean ± SD of all three formu-
lations). Sensory qualities were evaluated by a panel of judges
using a hedonic scale of 1 to 10, in which lower scores (<5)
indicated poor acceptability and higher scores (>5) indicated
good acceptability. Panelists assigned the milk formulations
scores of 7.9 ± 0.9, 7.5 ± 1.3, and 7.5 ± 0.8, respectively, for
flavor, mouthfeel, and overall acceptability of the products
(combined mean ± SD of all three formulations). These val-
ues were comparable with those of bovine milk without any
added n-3 FA.  

FA composition of spray-dried milk formulations. Analy-
sis of the FA composition of diets revealed that the spray-
dried milk powder with LSO contained 20% LNA and that
with FO contained 3 and 2% EPA and DHA, respectively.
These FA were not detected in the spray-dried milk powder
containing GNO (Table 1).
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Effect of n-3 FA-enriched formulations on growth parame-
ters. The fat level was kept constant at 16% in all three diet
groups. The amounts of diet consumed in the different groups
were comparable (Table 2). There were no significant changes
in the food efficiency ratio and body weight gain of rats fed
diets containing GNO, LSO, or FO. Weights of the heart,
spleen, and brain of rats fed either the GNO-, LSO-, or FO-
enriched diet were comparable. The liver weights of rats fed
the FO diet were higher than those observed for rats fed the
GNO or LSO diets (Table 3). The hematological parameters
in different groups were comparable (hemoglobin 14.66 ±
1.37 g/dL; 9.82 ± 0.41 red blood cells × 106/µL; 6687 ± 442
total count; and 37.41 ± 1.25% packed-cell volume) (com-
bined mean ± SD of all groups). These studies indicated that
supplementation of milk with n-3 PUFA-rich oils (LSO or
FO) had no adverse effect on the growth of animals.

Effect of feeding milk formulations enriched with n-3 FA
on serum lipid profiles. Rats fed spray-dried milk powder
containing LSO or FO had 30 and 35% lower levels of serum
total cholesterol compared with those given the formulation
containing GNO. The serum TAG level was 26 and 29%
lower in the LSO and FO diet groups, respectively, compared
with rats fed the formulation containing GNO (Table 4). Sig-
nificant changes were observed in the n-3 FA level in rats fed
milk formulations with LSO or FO (Table 5). The LNA level
in rats fed the LSO formulation was 6.8%. Significant in-
creases in the EPA and DHA levels and a concomitant de-
crease in the arachidonic acid level were also observed in rats
given the formulation containing LSO. LNA was not detected
in the serum of rats fed the formulation containing GNO; n-3
FA-fed rats had 12–18% lower levels of oleic acid in the
serum than those fed GNO. In those fed the FO formulation,
the long-chain n-3 PUFA EPA and DHA were incorporated
into serum at levels of 2.3 and 2.6%, respectively. These FA
were not observed in rats given the formulation containing
GNO.

Liver lipid profile of rats fed milk enriched with n-3 FA.
The total cholesterol level in the liver decreased by 30 and
18%, respectively, in rats fed the LSO and FO formulations,
and the TAG level decreased by 18 and 11%, respectively. No
significant changes were observed in the phospholipid levels
of the liver tissue when animals were fed different fat sources
(Table 6). The oleic acid level decreased by 38–41% in the
livers of rats fed the n-3 FA (Table 7). Significant amounts of
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TABLE 1
FA Composition (%) of Dietsa

FA GNO LSO FO

12:0 1.2 1.9 1.6
14:0 6.9 7.9 11.0
16:0 27.7 25.8 35.0
16:1n-7 1.0 1.0 4.8
18:0 9.2 11.9 10.6
18:1n-9 41.3 24.2 25.0
18:2n-6 9.7 6.8 3.8
18:3n-3 ND 20.3 ND
20:0 1.9 ND ND
20:4n-6 ND ND 3.1
20:5n-3 ND ND 2.9
22:0 0.8 ND ND
22:6n-3 ND ND 2.1
PUFA 9.7 27.1 11.9
SFA 47.7 47.5 58.2
PUFA/SFA 0.20 0.57 0.20
aValues are means of triplicate samples. ND, not detected; GNO, groundnut
oil; LSO, linseed oil; FO, fish oil; SFA, saturated FA.

TABLE 2
Effect of Feeding Spray-Dried Formulations Enriched with n-3 FA on
the Growth of Ratsa

Parameters GNO LSO FO

Food intake (g/d/rat) 9.9 ± 0.8 10.2 ± 0.6 10.3 ± 1.0 
Body weight gain (g) 191 ± 25 194 ± 30 188 ± 19 
Food efficiency ratio 0.32 ± 0.04 0.31 ± 0.03 0.31 ± 0.04
aValues are means ± SD (n = 6 rats). None of the values within a row were
statistically different. For abbreviations see Table 1.

TABLE 3
Effect of Feeding Spray-Dried Formulations Enriched with n-3 FA on
Organ Weights in Rats (g/100 g body wt)a

Organs GNO LSO FO

Liver 3.5 ± 0.2b 3.5 ± 0.3b 4.1 ± 0.2c

Heart 0.32 ± 0.02b 0.34 ± 0.03b 0.33 ± 0.02b

Spleen 0.26 ± 0.08b 0.23 ± 0.03c 0.24 ± 0.02c

Brain 0.67 ± 0.11b 0.66 ± 0.08b 0.67 ± 0.07b

aValues are means ± SD (n = 6 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.

TABLE 4
Serum Lipid Profile (mg/dL) of Rats Fed Spray-Dried Formulations En-
riched with n-3 FAa

Parameters GNO LSO FO

Total cholesterol 90.2 ± 3.2b 62.9 ± 5.7c 58.2 ± 6.3c

HDL cholesterol 37.6 ± 4.3b 23.4 ± 3.2c 23.4 ± 3.8c

LDL + VLDL cholesterol 52.5 ± 4.0b 39.5 ± 4.8c 34.7 ± 4.8c

Phospholipids 147.3 ± 10.7b 119.1 ± 9.5c 122.6 ± 10.8c

TAG 136.4 ± 6.4b 99.9 ± 12.9c 96.4 ± 11.8c

aValues are means ± SD (n = 6 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For diet abbrevia-
tions see Table 1.

TABLE 5
Serum FA Profile (%) of Rats Fed Spray-Dried Formulations Enriched
with n-3 FAa

FA GNO LSO FO

16:0 30.4 ± 3.0b,c 29.1 ± 1.6b 34.3 ± 2.0c

16:1n-7 1.5 ± 0.3b 2.1 ± 0.5b,c 3.3 ± 0.7c

18:0 11.9 ± 1.5b 14.5 ± 2.3b,c 15.5 ± 2.0c

18:1n-9 41.0 ± 3.9b 33.3 ± 2.1c 35.8 ± 2.3b,c

18:2n-6 8.7 ± 2.3b 8.3 ± 1.9b 3.1 ± 2.3c

18:3n-3 ND 6.8 ± 0.8b ND
20:4n-6 6.3 ± 1.3b 2.4 ± 1.0c 2.6 ± 1.5c

20:5n-3 ND 2.0 ± 0.6b 2.3 ± 0.1b

22:6n-3 ND 0.9 ± 0.1b 2.6 ± 0.5c

aValues are means ± SD (n = 4 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.



LNA and long-chain n-3 FA accumulated in the livers of rats
fed the LSO-enriched diets. The total n-3 PUFA level in LSO-
fed rats was 17.5%. Similarly, FO-supplemented diets signifi-
cantly enriched the EPA (6%) and DHA (9.7%) levels in liver
lipids; however, n-3 FA enrichment decreased the levels of
LA and arachidonic acid in the liver.

FA composition of adipose, brain, and heart tissues of rats
fed n-3 FA. The dietary n-3 FA level influenced the FA com-
position of adipose (Table 8), brain (Table 9), and heart tis-
sues (Table 10). Animals fed the LSO and FO formulations
had 25 and 45% lower amounts of LA in the adipose tissue
compared with those fed the GNO-containing formulation.
The adipose tissue of rats fed the LSO formulation had 15%
of total FA as LNA, whereas LNA was not detected in rats
fed the GNO or FO formulation. EPA and DHA were found

only in animals fed the FO formulation and were found to be
1.3 and 1.4%, respectively, of total FA. In the brain, rats fed
the LSO formulation had 2.9% of total FA as LNA, whereas
LNA was not detected in the other dietary groups. The basal
level of DHA in rats fed the GNO formulation was 9.6% of
total FA, whereas this amount increased to 12.7 and 14.4% of
total FA, respectively, in rats fed the LSO and FO formula-
tions. In the heart, the LNA levels of rats fed the LSO formu-
lation were 4.9% of total FA, whereas LNA was not detected
in the other dietary groups. The basal level of DHA was sig-
nificantly enhanced in the heart tissue of rats given the FO
diet. There was a 3.5-fold increase in the accumulation of
DHA in the heart tissue of animals fed the FO formulation
compared with those fed the GNO diet. The level of arachi-
donic acid in the heart tissue decreased when n-3 FA were
fed. 

DISCUSSION

The present investigation was aimed at providing a formula-
tion containing n-3 FA that could be consumed by those
whose dietary intake of n-3 FA is inadequate. To cater to such
populations, a milk-based instant beverage formulation was
developed that can provide n-3 FA. Attempts have been made
to enrich milk with n-3 FA by feeding dairy cows fish-based
products (32). However, the metabolic state of animals, as
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TABLE 6
Liver Lipid Profile (mg/g tissue) of Rats Fed Spray-Dried Formulations
Enriched with n-3 FAa

Parameters GNO LSO FO

Total cholesterol 10.7 ± 0.5b 7.5 ± 1.2c 8.8 ± 0.6c

TAG 15.1 ± 0.8b 12.3 ± 1.0c 13.5 ± 0.7c

Phospholipids 28.2 ± 2.9b 30.7 ± 7.0b 29.7 ± 2.9b

aValues are means ± SD (n = 6 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.

TABLE 7
Liver FA Profile (%) of Rats Fed Spray-Dried Formulations Enriched
with n-3 FAa

FA GNO LSO FO

16:0 22.7 ± 2.3b 21.1 ± 1.9b 28.2 ± 3.4c

16:1n-7 1.3 ± 0.2b 1.5 ± 0.3b 2.9 ± 0.2c

18:0 11.9 ± 2.1b 17.5 ± 3.4c 17.3 ± 1.6c

18:1n-9 41.2 ± 3.3b 25.3 ± 3.9c 24.0 ± 2.5c

18:2n-6 11.3 ± 1.8b 9.9 ± 2.0b 5.7 ± 1.8c

18:3n-3 ND 7.6 ± 0.8b ND
20:4n-6 11.4 ± 1.1b 6.9 ± 0.4c 5.9 ± 0.6c

20:5n-3 ND 6.5 ± 1.0b 6.0 ± 1.1b

22:6n-3 ND 3.4 ± 0.6b 9.7 ± 0.9c

aValues are means ± SD (n = 4 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.

TABLE 8
Adipose Tissue FA Profile (%) of Rats Fed Spray-Dried Formulations
Enriched with n-3 FAa

FA GNO LSO FO

14:0 6.7 ± 0.6b 7.5 ± 1.0b 10.6 ± 1.0c

16:0 26.6 ± 4.1b 28.2 ± 4.6b 33.1 ± 3.3b

16:1n-7 2.4 ± 0.6b 4.4 ± 1.1c 8.1 ± 1.2d

18:0 4.2 ± 0.3b 4.0 ± 0.6b 3.4 ± 0.3b

18:1n-9 48.9 ± 4.9b 39.1 ± 3.8c 35.3 ± 4.0c

18:2n-6 10.7 ± 2.1b 8.0 ± 0.9c 5.8 ± 1.1d

18:3n-3 ND 15.1 ± 1.2b ND
20:4n-6 0.5 ± 0.04b 0.2 ± 0.04c 0.4 ± 0.06b

20:5n-3 ND ND 1.3 ± 0.2b

22:6n-3 ND ND 1.4 ± 0.3b

aValues are means ± SD (n = 4 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1. 

TABLE 10
Heart Tissue FA Profile (%) of Rats Fed Spray-Dried Formulations En-
riched with n-3 FAa

FA GNO LSO FO

16:0 14.3 ± 2.3b 13.5 ± 3.1b 14.8 ± 1.9b

16:1n-7 1.0 ± 0.2b 1.0 ± 0.3b 1.2 ± 0.1b

18:0 17.4 ± 2.5b 23.0 ± 3.1c 22.9 ± 3.5c

18:1n-9 29.7 ± 3.9b 22.2 ± 3.8c 19.4 ± 2.6c

18:2n-6 17.1 ± 2.1b 17.4 ± 3.1b 14.4 ± 3.2b

18:3n-3 ND 4.9 ± 0.4b ND
20:4n-6 13.6 ± 3.1b 11.2 ± 1.9b 11.2 ± 1.6b

22:6n-3 ND 1.0 ± 0.1b 2.9 ± 0.5c

20:5n-3 4.6 ± 0.4b 5.7 ± 1.3c 15.8 ± 2.1d

aValues are means ± SD (n = 4 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.

TABLE 9
Brain Tissue FA Profile (%) of Rats Fed Spray-Dried Formulations 
Enriched with n-3 FAa

FA GNO LSO FO

16:0 24.3 ± 2.9b 25.6 ± 3.6b 23.0 ± 3.0b

16:1n-6 0.4 ± 0.1b 0.5 ± 0.1b 0.4 ± 0.2b

18:0 20.9 ± 3.6b 20.1 ± 4.3b 19.0 ± 3.8b

18:1n-9 29.9 ± 3.6b 25.0 ± 4.2b 29.1 ± 2.8b

18:2n-6 1.8 ± 0.9b 1.6 ± 0.5b 1.4 ± 0.1b

18:3n-3 ND 2.9 ± 0.4b ND
20:4n-6 11.6 ± 2.8b 9.2 ± 1.6b 8.1 ± 1.2b

20:5n-3 0.6 ± 0.2b 2.1 ± 1.2c 3.0 ± 0.9c

22:6n-3 9.6 ± 0.2b 12.7 ± 0.8c 14.4 ± 0.3d

aValues are means ± SD (n = 4 rats). Values not sharing a common super-
script within a row are statistically significant (P < 0.001). For abbreviations
see Table 1.



well as season and hormonal variations, may interfere with
the level of n-3 FA in the milk. Because fresh milk cannot be
stored for a long period of time, we developed two milk-based
spray-dried formulations that are shelf stable and that con-
tained n-3 FA, one from a vegetable source (LSO) and the
other from a marine source (FO). The beverage provided 640
mg of LNA or 160 mg of EPA and DHA per serving when 20 g
of formulation dissolved in 100 mL of water was consumed.
The LSO and FO formulations provided 0.75 and 0.2 en%,
respectively, of n-3 FA. 

Rats were fed these milk-based formulations to study the
delivery of n-3 FA to various tissues and its impact on several
risk factors associated with cardiovascular diseases. The rats
fed the spray-dried formulation containing LSO showed in-
corporation of LNA and its metabolites EPA and DHA into
the serum, liver tissue, and heart tissue. Earlier studies have
shown that feeding diets containing LNA can increase the
level of this FA, as well as the level of long-chain metabo-
lites, to varying degrees (33–35). 

Zhong and Sinclair (36) observed that feeding a diet high
in LNA to guinea pigs increased the EPA and DHA levels in
liver, heart, and adipose tissues compared with a diet low in
LNA. However, in our study EPA and DHA were not detected
in adipose tissue when rats were fed the formulation contain-
ing LSO. Similarly, Lin and Connors (37) observed that an
LNA-enriched diet resulted in the accumulation of LNA, but
not EPA and DHA, in the adipose tissue. The investigation by
Okuno et al. (38) on rats showed that feeding a diet contain-
ing perilla oil (60.3% LNA) resulted in an accumulation of
only 0.9 and 0.4% EPA and DHA, respectively, whereas LNA
made up 12.3% of the total FA in adipose tissue. These stud-
ies may indicate that at high intake levels, LNA can accumu-
late in adipose tissue but that its elongation to EPA and DHA
is restricted. However, these FA can accumulate in adipose
tissue when preformed long-chain n-3 PUFA are included in
the diet.

The brain is a unique organ characterized by the presence
of a high concentration of DHA, which influences its struc-
tural and functional properties (39). Feeding rats the formula-
tions containing n-3 FA from LSO or FO further increased the
DHA levels in the brain compared with feeding the control
diet. We also observed that rats fed preformed DHA in the
form of FO had a higher level of DHA in the brain compared
with those fed the LSO formulation. This finding is in agree-
ment with earlier reports showing that preformed DHA is in-
corporated efficiently into brain tissue (40,41). Feeding the
LSO-enriched diet significantly increased the levels of LNA
and of EPA and DHA in the brain. Earlier studies have also
shown a small but significant increase in LNA and EPA lev-
els in brain tissue when diets high in n-3 FA were adminis-
tered (36,42,43). These studies may indicate different mecha-
nisms for the accumulation of LNA and its conversion to
long-chain n-3 PUFA in different tissues.

The n-3 FA obtained through spray-dried milk had signifi-
cant effects on serum lipids. The serum total cholesterol,
VLDL + LDL cholesterol, and TAG were significantly lower

in rats fed formulations containing n-3 FA compared with the
control. Similar to serum lipids, liver lipids decreased by
feeding the n-3 FA-enriched formulation. The present inves-
tigation also showed that the FO formulation containing 5%
n-3 PUFA as EPA and DHA was as effective as the LSO for-
mulation containing 20% LNA in modulating serum lipids in
a beneficial manner. The bioefficacy of long-chain n-3 PUFA
is generally believed to be much greater than that of n-3
PUFA of shorter chain lengths. Our results are in agreement
with this perception. 

The present study indicates that spray-dried milk formula-
tions enriched in LSO or FO can be used to provide n-3 FA.
These formulations not only deliver n-3 FA but also modu-
late serum lipid levels. Such formulations may play an impor-
tant role in providing n-3 PUFA to individuals whose regular
diets provide inadequate amounts of these EFA. Whether
these formulations have beneficial effects on cardiovascular
risk factors, however, can only be determined by studies in
human volunteers. 
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ABSTRACT: Maternal smoking during pregnancy has been as-
sociated with a reduced content of n-3 long-chain PUFA (LC-
PUFA) in breast milk, thereby reducing the intake of key nutri-
ents by the infants. We postulated that the mammary gland is
affected by maternal smoking in the process of n-3 LC-PUFA se-
cretion into milk. This prompted us to investigate the effects of
cigarette smoke on the synthesis of n-3 LC-PUFA in vitro by
using a line of healthy epithelial cells from the human mam-
mary gland, MCF-10A. Cells were exposed to cigarette smoke
under controlled conditions by adding to the medium aliquots
of horse serum containing smoke components, as analyzed by
GC–MS. The major findings concern the inhibition of both the
conversion of the precursor 14C-ALA (α-linolenic acid) to n-3
LC-PUFA and of the ∆5 desaturation step (assessed by HPLC
analysis with radiodetection of n-3 FAME) following exposure
to minimal doses of smoke-enriched serum, and the dose-
dependent relationship of these effects. The data indicate that
exposure to cigarette smoke negatively affects the synthesis of
n-3 LC-PUFA from the precursor in mammary gland cells.

Paper no. L9379 in Lipids 39, 633–637 (July 2004).

It is well established that maternal milk components are im-
portant determinants of infant development during the first
period of extrauterine life, when milk represents the only
source of nutrients (1). In particular, the early developmental
stages of highly specialized organs, such as the brain and
retina, are strongly dependent on adequate intakes of fatty
acids (FA), especially the PUFA, which are exclusively de-
rived from the diet and which are essential for several biolog-
ical functions (2). 

A previous study by our group (3) showed that FA in the
maternal diet are only partly responsible for the FA composi-
tion of milk, especially the levels of long-chain PUFA (LC-
PUFA). These results suggest a major role of the mammary
gland in synthesizing and secreting LC-PUFA into milk (4,5).
On the other hand, investigations into the role of the mam-
mary gland in lactogenesis indicate that only 10% of milk FA,

mainly medium-chain FA (6), are synthesized in the gland.
The mechanisms that modulate the transfer through the mam-
mary gland of the remainder of FA coming both from mater-
nal tissues and directly from the diet, or the in situ formation
of LC-PUFA and their secretion into milk, remain to be in-
vestigated.

Several studies have shown that maternal cigarette smok-
ing during pregnancy negatively affects birth weight and the
subsequent development of cognitive functions in the infant
(7), but very limited information is available about the possi-
ble effects of maternal smoking during breastfeeding on
metabolic processes relevant to the delivery of nutrients to
the neonate. 

There is evidence that women who smoke breastfeed their
infants for a shorter duration than nonsmokers (8), indicating
that maternal smoking is associated with an increased risk of
early weaning. However, the possible relationships between
cigarette smoke and quantitative and qualitative modifica-
tions of milk production have not been adequately investi-
gated (9). 

Cigarette smoke appears to affect this process indepen-
dently of the mechanisms regulating the secretion of milk FA,
since we have previously observed that in breastfeeding
mothers who smoke, the increments of milk lipids during the
first 3 mon of lactation are reduced, resulting in lower fat in-
takes by their infants (10), especially of DHA (22:6n-3), com-
pared with nonsmoking mothers. Concomitantly, the typical
reduction in plasma lipids associated with breastfeeding in
the mother (3), especially triglycerides (TG), was also smaller. 

These combined observations suggest that LC-PUFA in
milk may be mainly produced directly from the 18-carbon
precursors linoleic acid (LA, 18:2n-6) and α-linolenic acid
(ALA, 18:3n-3) in the mammary gland and that maternal cig-
arette smoke may negatively affect the process. We therefore
looked for a suitable in vitro model to evaluate the direct ef-
fects of cigarette smoke on the biosynthetic metabolic path-
ways of n-3 LC-PUFA in cells from the human mammary
gland. The cellular composition of this tissue is highly com-
plex; we therefore selected mammary epithelial cells, the
major site of the synthesis and conversion of lipids deriving
from mammary adipocytes and from other maternal tissues
(11,12).
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MATERIALS AND METHODS

A line of healthy epithelial cells from the human mammary
gland, MCF-10A, purchased by ATCC (CRL-10317; Ameri-
can Type Culture Collection, Manassas, VA) was used. These
cells, immortalized by changing Ca2+ levels in the culture
medium, maintain the characteristics of nonmalignant cells,
as demonstrated by several characteristics, namely, that an-
chorage-independent growth is absent, that they are unable to
produce tumors in athymic mice, and that they require the
same supplements as normal cells (13). Furthermore, it has
been demonstrated that these cells are able to incorporate and
metabolize both LA and ALA to LC-PUFA by desaturation
and elongation processes at relatively high concentrations (24
µM) (14).

Cells were grown in T75 flasks with DMEM/Ham’s Nutri-
ent Mixture F-12 (1:1) with the addition of epidermal growth
factor (20 ng/mL), cholera enterotoxin (100 ng/mL), insulin
(10 µg/mL), and hydrocortisone (500 ng/mL) in the presence
of 5% horse serum (HS). Before each experiment, cells were
transferred into 100-mm dishes and maintained without HS
for 24 h.

In the first experiment, different concentrations (1, 10, 50,
100 µM) of 9,12,15-1-14C-ALA (NEC 779; NEN Life Sci-
ence Products, Inc., Boston, MA) (5 µCi/plate) complexed
with BSA were incubated for 24 h. To expose the cells to cig-
arette smoke in appropriate and reproducible conditions, a de-
vice was developed that allowed a controlled incorporation
of cigarette smoke into the HS through aspiration by a pump
under controlled vacuum. Specifically, smoke from each cig-
arette was bubbled through HS for 5 min at 3 puffs/min. The
most popular brand of Italian cigarettes was used, MS with
filter, and 5 mL of HS was exposed to smoke equivalent to
0.25–4 cigarettes. One hundred-microliter aliquots of smoke-
exposed horse serum (SE-HS) were subsequently added to in-
cubated cells, and the final exposure corresponded to the
amounts of smoke generated from 0.005–0.08 cigarettes
(0.5–8% of one cigarette).

To validate the procedure in terms of the correspondence
of smoke components in aqueous systems and directly in
gaseous smoke, the main components were analyzed by
GC–MS in the electron-impact mode (Saturn 2100T™; Var-
ian, Palo Alto, CA) with a DB5 capillary column (30 m;
Hewlett-Packard, Palo Alto, CA) for the various types of
samples. The temperature program was increased from 40 to
245°C at 6°C/min. To this end, smoke components were ex-
tracted directly without derivatization from cigarette smoke
itself (to which the adsorbing fiber was exposed) from SE-
HS, as well as from a buffer exposed to smoke, using a car-
bowax/divinyl benzene fiber (65 µm; Supelco, Bellefonte,
PA). The fiber was desorbed for 5 min in the GC injector at
240°C. Qualitative reproducibility was assessed by three
analyses of aliquots from the same sample.

In addition, we determined the FA percentage composition
of total lipids in the control and in SE-HS by GC analysis of
their methyl esters, which were prepared by transmethylation

with methanolic HCl (Supelco) at 90°C for 1 h in a model
85.10 gas chromatograph (DANI SpA, Cologno Monzese,
Italy) equipped with a capillary column (Omegawax™ 320;
Supelco), programmable temperature vaporizer injector, and
FID (temperature program from 120 to 220°C). 

The amounts of lipid peroxides were measured by a thio-
barbituric acid method, and conjugated dienes were measured
by absorbance at 234 nm, as described previously (15). 

The effects of SE-HS on the biosynthesis of n-3 LC-PUFA
were evaluated by incubating MCF-10A with 0.5 µCi/plate
of labeled C18 precursor, [1-14C]ALA (0.96 µM), for 6 and
24 h. Each experiment was repeated at least three times. After
extraction of cell total lipids (16), the FAME, prepared as de-
scribed previously, were injected into a high-performance liq-
uid chromatograph (model 880; Jasco, Easton, MD) equipped
with a C18 RP column (LiChrosphere® 100 RP-18; Merck,
Darmstadt, Germany) and connected to a radiodetector (Can-
berra Packard, Tampa, FL). A gradient mobile phase made up
of acetonitrile and water (from 74:26% to 100:0%) (17) and
Floscint-A (Canberra Packard) was used. FA were identified
by the use of reference FA. The same amount of radioactivity
was injected for control and smoke-exposed samples. The
sum of the radioactivity associated with all the chromato-
graphic peaks separated by HPLC corresponded to the ra-
dioactivity that was incubated with the sample, in both the
control and the smoke-exposed samples, indicating that the
reduced conversion of substrate to the long-chain derivatives
in the treated samples was not related to enhanced degrada-
tion of these products.

We evaluated the total conversion of 14C-ALA, expressed
as the percentage of total radioactivity associated with its
products, and indirectly measured the activity of the enzymes
involved in LC-PUFA biosynthesis by evaluating the prod-
uct/precursor ratios at each metabolic step.

To assess the effects on the incorporation of FA into lipid
classes of exposing MCF-10 cells to SE-HS, total lipids were
separated by TLC, on silica gel plates, using hexane/diethyl
ether/acetic acid (70:30:1, by vol) as the mobile phase in the
presence of reference compounds. After detection by expo-
sure to iodine vapors, spots were scraped into plastic vials,
and the radioactivity associated with each lipid class was de-
termined using a beta counter with UltimaGold (Canberra
Packard). 

Student’s t-test and ANOVA were used to compare data
obtained from smoke-exposed cells with those from controls
and to assess the relationships between conversion of total ra-
dioactivity and the 20:5/20:4 ratio, an index of ∆5 desatura-
tion, with the number of cigarettes smoked.

RESULTS

By incubating MCF-10A with increasing concentrations of
ALA (1, 10, 50, and 100 µM) in the presence of a constant
amount of radioactivity, the conversion of precursors to prod-
ucts was progressively reduced, in relative terms, at the high-
est concentrations, i.e., as a percentage of the radioactivity
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associated with longer-chain FA, but the total incorporation
of DHA produced, and hence the absolute synthesis of this
FA as nmol per plate, increased (Table 1). A correlation be-
tween the concentration of the substrate and the formation of
the products was observed, indicating that the metabolic
products responded to the availability of the FA precursor (P ≤
0.005). This may reflect what happens in vivo during lactogen-
esis, i.e., that the mammary gland responds to the large avail-
ability of FA from the maternal compartment for transfer into
milk.

The cigarette smoke, serum, and buffer exposed to smoke
were analyzed, and acetaldehyde (by GC, data not shown),
nicotine, limonene, and phenol derivatives (by GC–MS) were
detected in all samples as major and typical components.
More specifically, the profiles of products in smoke and SE-
HS were similar (Fig. 1), indicating that trapping smoke in
serum was a reliable process with respect to exposure to
smoke. 

Parameters measured in 100 µL of SE-HS generated from
0, 4, and 8% of a cigarette are reported in Table 2 (means
were obtained from duplicate analyses of three experiments
with all the smoke concentrations). The levels of conjugated
dienes and TBARS in SE-HS vs. the control HS rose signifi-
cantly with exposure to smoke from an increasing number of
cigarettes, and the increase in conjugated dienes rather than
TBARS appeared to be more dose dependently associated
with smoke concentration. Analysis of the FA composition of
serum lipids revealed that 20- and 22-carbon PUFA, which
were present in the control serum, were completely absent in
SE-HS. 

HPLC radiochromatograms of the FAME of MCF-10A
total lipids after 6 h of incubation with 14C-ALA without or
with SE-HS (0.04 cigarettes/100 µL) are shown in Figure 2
(panels A and B). The conversion of 14C-ALA to its products
was lower in the SE-HS cells, as indicated by the lower ra-
dioactivity associated with the products and, conversely, by
the higher radioactivity associated with the substrate. In addi-
tion, major changes involved a reduction in 20:5n-3 (EPA)
and an increase in 20:3n-3, a product of ALA elongation that
was not found in the control conditions. Calculations of the
product/precursor ratios for each metabolic step indicated that
the index of the ∆5 desaturation, i.e., the 20:5/20:4 ratio, was
affected the most by smoke exposure. In addition, DHA was
not detectable in these samples. The same parameter was
evaluated at 6 and 24 h after incubation with 14C-ALA and

SE-HS generated from 0.04 cigarettes and, as shown in Fig-
ure 3, it was already markedly and significantly affected at
the earlier time period.

Figure 4 shows the total conversion of ALA to products
and the 20:5/20:4 ratios after 6 h of incubation with increas-
ing cigarette concentrations per plate. Both parameters were
significantly (P ≤ 0.001) and dose-dependently reduced, and
∆5 desaturation was completely inhibited by serum exposed
to smoke from less than one-tenth of a cigarette.

Also, the incorporation of radioactivity into lipid classes,
assessed by TLC of the MCF-10A total lipid extracts,
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TABLE 1
Total Conversion of 14C-α-Linolenic Acid (14C-ALA) and DHA
Synthesizeda at Different Precursor Concentrations (mean ± SEM) 

ALA concentrations (µM)

Conversion rates 1 10 50 100

Total conversion of
14C-ALA to products*
(% of radioactivity) 92.8 ± 0.2 91.1 ± 0.4 79.7 ± 0.0 65.7 ± 0.1

DHA* (nmol/plate) 0.08 ± 0.01 2.9 ± 0.4 8.3 ± 0.2 12.9 ± 0.3
aAn asterisk (*) indicates P ≤ 0.005. ALA, α-linolenic acid.

FIG. 1. GC–MS chromatograms of (A) cigarette smoke alone and (B)
smoke-exposed horse serum (SE-HS) (EI = 70 eV). TIC, total ion current.

TABLE 2
Conjugated Diene, TBARS, and Long-Chain PUFA (LC-PUFA) Levels in
Smoke-Exposed Horse Serum Generated from Different Numbers of
Cigarettesa (mean ± SEM) 

Cigarette equivalents

Parameters 0 0.04 0.08

Conjugated dienes** (µM) 163 ± 5 281 ± 1 556 ± 2
TBARS* (µM) 0.83 ± 0.01 4.73 ± 0.28 6.71 ± 0.57
LC-PUFA (%) 1.68 ± 0.04 ND ND
aDuplicate analyses were performed in three experiments. *P ≤ 0.01; **P ≤
0.001. ND, not detected.
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changed after exposure to an increasing number of cigarettes
per plate (data not shown). A reduction in the incorporation
into phospholipids (PL) (from 87 to 83% of total radioactiv-
ity) was associated with a concomitant incorporation into TG
(from 4 to 14%). 

DISCUSSION

A first consideration is that the experimental model used is
suitable for studies on the effects of smoke on PUFA metabo-
lism. MCF-10A cells incorporated the essential FA ALA into
lipids and converted the substrate to its longer-chain and more

highly unsaturated products. This biosynthetic pathway is
regulated by the availability of the precursor, as demonstrated
by the increasing amounts of DHA produced at increasing
levels of ALA. We found similar results with linoleic acid as
the substrate in relation to its n-6 derivatives (data not
shown). This observation is in line with the situation occur-
ring in vivo, since during lactation a marked reduction occurs
in maternal plasma TG, which are rich in the 18-carbon
PUFA, LA and ALA, suggesting enhanced delivery of these
FA to the mammary gland. As for the conditions used when
exposing biological samples to cigarette smoke, the similari-
ties in the proportions of major cigarette smoke components
(e.g., nicotine, acetaldehyde) in the smoke and in SE-HS in-
dicate that incubation of cells with SE-HS is a valid in vitro
model for studying the effects of cigarette smoke on cells.
This approach is applicable to the study of effects on other
types of cells and other metabolic pathways. Moreover,
smoke exposure causes dose-dependent lipid peroxidation
processes in HS, as demonstrated by the increase in conju-
gated dienes and TBARS and the disappearance of LC-PUFA.
Since we observed the same inhibitory effects on PUFA me-
tabolism by incubating cells with smoke-exposed buffer and
serum (data not shown), we propose that exposure to
smoke—and not to other degradation products generated in
smoke-exposed serum—is in itself responsible for the ob-
served changes in PUFA metabolism.

Major changes induced by cigarette smoke in cell lipids
concern a reduction in the incorporation of radioactivity from
ALA in 20:4 and 20:5, and finally, a reduction in the
20:4/20:5 ratio. This observation is in agreement with other
studies, which have demonstrated that the ∆5-desaturation
step is affected the most by toxic xenobiotics (18,19). Also,
the increased incorporation of FA into TG associated with a
reduction in their incorporation into PL, an index of PL syn-
thesis, observed in smoke-exposed MCF-10A cells is charac-
teristic of a wide range of toxic effects (20). 

Hence, the present results appear to confirm that exposure
to components of cigarette smoke, even in very low concen-
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FIG. 2. HPLC chromatograms of methyl esters from MCF-10A total
lipids after 6 h of incubation with 14C-α-linolenic acid (14C-ALA) and
(A) the control or (B) SE-HS (0.04 cigarettes). For other abbreviation see
Figure 1. 

FIG. 3. ∆5 Desaturation activity (20:5/20:4) in MCF-10A cells exposed
to the control and SE-HS (0.04 cigarettes) after 6 and 24 h of incubation
with 14C-ALA (mean ± SEM). An asterisk indicates P ≤ 0.01. For abbre-
viations see Figure 2.

FIG. 4. Total 14C-ALA conversion (l) and 20:5/20:4 ratio (n) in MCF-
10A cells after 6 h of incubation with the horse serum control and SE-
HS from an increasing number of cigarettes (mean ± SEM). For abbrevi-
ations see Figures 1 and 2.
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trations, affects the synthesis of LC-PUFA, in particular of
DHA, in mammary cells, apparently mimicking the condi-
tions that are operating in vivo. Characterization of the com-
pounds in cigarette smoke that negatively affect LC-PUFA
synthesis will be the next step in our research.
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ABSTRACT: Oxidized lipoproteins have a recognized role in
atherogenesis, but molecular-level research on oxidized lipids
in lipoproteins and the effect of diet on these molecules have
been limited. In the present study, the effects of three sunflower
seed oil diets differing in oxidation levels (PV in oils 1, 84, and
223 mequiv O2/kg) on lipoprotein lipid oxidation in growing
pigs were investigated. The emphasis was on the investigation
of oxidized TAG molecules found in chylomicrons and VLDL.
A method based on RP-HPLC and electrospray ionization-MS
was used for the analysis of oxidized TAG molecules. The base-
line diene conjugation method was used for the estimation of in
vivo levels of lipoprotein lipid oxidation. Several oxidized TAG
structures were found in the samples. These products consisted
of TAG molecules with a hydroxy, an epoxy, or a keto group at-
tached to a FA, and of TAG molecules containing an aldehyde
structure derived from a FA. The lipoprotein lipids and TAG
were more oxidized in the pigs fed on the most oxidized oil
compared with those fed on nonoxidized oil. Oxidation of di-
etary fat was reflected in the lipoprotein oxidation. New, de-
tailed information on oxidized TAG molecules of chylomicrons
and VLDL was obtained.

Paper no. L9489 in Lipids 39, 639–647 (July 2004).

During the last 15 yr, the contribution of oxidized LDL to
atherogenesis has become evident (1–5). Based on the results
of various research groups, oxidized chylomicron remnants
also seem to be potentially atherogenic (6–9). Some studies
have shown that the oxidation of dietary lipids is reflected in
the degree of oxidation of chylomicrons and VLDL (10,11).
Like oxidation of LDL, oxidation of chylomicrons results in
particles that may serve as a substrate for scavenger receptors
(9). Oxidized chylomicrons seem to be taken up by phago-
cytic cells (9), and a study by Mamo and Wheeler (12) sug-
gests that chylomicrons and their remnants may associate
with arterial tissue with an even greater efficiency than LDL. 

Lipids may be gradually oxidized during normal process-
ing of food. Although diet may contribute to the burden of
oxidized lipids in plasma lipoproteins, studies of the dietary
effects on lipoprotein oxidation at the molecular level have
been scarce. Only a few oxidized lipid species in lipoproteins
have been studied. These are mainly cholesteryl esters and

glycerophospholipids (13–15). Also, there are only a few
methods for direct measurement of lipoprotein oxidation. Es-
timation of in vivo LDL oxidation has been largely based on
determination of autoantibodies to oxidized LDL (16). 

In our previous study (17) we used a novel approach based
on HPLC-electrospray ionization (ESI)-MS and LDL baseline
diene conjugation (LDL-BDC) method to investigate lipid ox-
idation in human LDL. HPLC-ESI-MS was applied to the
analysis of the oxidized TAG molecular structures. The LDL-
BDC method was used to evaluate the oxidation levels of the
samples. The method has been developed for fast measure-
ment of oxidized LDL in blood samples. All species of lipids
containing oxidized FA residues with conjugated double
bonds contribute to the diene conjugation value (16,18,19).
The relationships between LDL-BDC and different health risk
factors have been investigated in several studies (19–21). 

Possible nonvolatile TAG autoxidation products are TAG
with a hydroperoxy, hydroxy, epoxy, or oxo (aldehyde or ke-
tone) group(s) or a combination of these groups. Structures
of oxidized TAG molecules have been studied by different
groups (22–29). Our approach was based on the work of Sjö-
vall et al. (27), in which the elution factors of synthetic, oxi-
dized TAG were obtained for RP-HPLC by plotting the reten-
tion times of the compounds against the theoretical carbon
number. 

In the present study, the methods validated in a previous
study (17) were applied. The effects of oxidized dietary sun-
flower seed oils on the oxidation of pig lipoproteins were in-
vestigated. Owing to its wide applicability, the BDC method
was used for the analysis of chylomicrons and VLDL in addi-
tion to the analysis of LDL. Detailed information on lipopro-
tein lipid oxidation and on the molecular structures of oxi-
dized chylomicron and VLDL TAG was obtained.

MATERIALS AND METHODS

Chemicals and reagents. 3-Chloroperoxybenzoic acid, tri-
phenyl phosphine (TPP), and activated manganese dioxide
(MnO2) were obtained from Aldrich Chemical Co. (Milwau-
kee, WI) and 2,4-dinitrophenylhydrazine (DNPH) was ob-
tained from Sigma Chemical Co. (St. Louis, MO). Reagents
were of reagent grade or better quality. All solvents were of
chromatography or reagent grade and were purchased from
local suppliers. HPLC standard (G-1) containing synthetic
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monoacid TAG was obtained from Nu-Chek-Prep, Inc.
(Elysian, MN). Synthetic 1,3-distearoyl-2-oleoyl-sn-glycerol
was obtained from Sigma Chemical Co. 1,3-Didocosanoyl-2-
oleoyl-sn-glycerol and 1-linoleoyl-2-oleoyl-3-palmitoyl-sn-
glycerol were obtained from Larodan Fine Chemicals AB
(Malmö, Sweden). 

Preparation of reference compounds. The synthetic TAG
and their oxidized derivatives prepared in this study are listed
in Table 1. TAG standards containing aldehyde structures de-
rived from FA (core aldehydes) (IIa, IIb, IVa, Vc, Vd, VIc,
VId) were obtained by ozonization of TAG and reduction of
the ozonides with TPP (30). TAG (5–40 mg) were dissolved
in 4 mL hexane and ozonized for 40 min in an ice bath. The
solvent was evaporated, and the ozonides were dissolved in 4
mL chloroform and reduced to aldehydes by treatment with
25–50 mg TPP for 1 h at room temperature. The aldehydes
were purified by TLC as described below, and part of them
were converted to DNPH derivatives (IIb, IVa, Vd, VId) by
treatment with 1–4 mL DNPH reagent (1 mg DNPH in 2 mL
of 1 M HCl) at 60°C for 30 min (31). The DNPH derivatives
were extracted from the solution with chloroform/methanol
(2:1, vol/vol). 

Epoxides (Ia, IIIa, Va, VIa) were prepared by the method
of Deffense (32). TAG (2–5 mg) were oxidized with 4–10 mg
3-chloroperoxybenzoic acid in 400 µL dichloromethane at
room temperature for 1–2 h followed by purification using
TLC as described below.

Hydroperoxides (Ib, IIIb, IIIc, Vb, VIb) were prepared by
photosensitized oxidation (33). TAG (10–20 mg) were added

to 3 mL methylene blue solution (0.1 mM methylene blue in
dichloromethane) in a test tube that was placed in an ice bath
under a 250-W photographer’s lamp for 28 h. The distance
between the sample solution and the lamp was approximately
20 cm. Hydroperoxides were purified by TLC as described
below.

For the preparation of hydroxides (Ic, VIe), 1 mg hy-
droperoxide was dissolved in 2 mL chloroform and reduced
to hydroxide by treatment with 15–20 mg TPP for 1 h at room
temperature (34). The hydroxy compounds were purified by
TLC as described below.

Ketone standards (Id, VIf) were prepared by oxidizing the
corresponding hydroxides with activated manganese dioxide
(35). The hydroxide (0.3 mg) was dissolved in 0.5 mL chlo-
roform. The solution and 50 mg manganese dioxide were
transferred to a test tube, which was placed in a shaker. The
reaction was allowed to take place for 6 d at 37°C (Id) or for
3.25 h at 60°C (VIf). 

Animals and diets. The study plan was approved by the
Test Animal Committee of MTT Agrifood Research Finland,
and the level of vitamin E in E supplementation was based on
their guidelines. Nine growing pigs (castrated boars) from
three different litters were used in the study. For 2 wk, three
groups of three pigs (groups 1, 2, and 3) were fed a diet (Table
2) containing 14% sunflower seed oil varying in oxidation
levels. In each group, there was one animal from each of the
three litters. The average weight of the animals was 34.4 kg
(SD 2.0 kg) at the beginning of the feeding period and 45.6
kg (SD 2.9 kg) at the end of the period. The oil of group 1 was
not oxidized, whereas the oils of groups 2 and 3 were oxi-
dized in convection ovens at 60°C until certain PV were
reached. The PV of the oils were as follows: group 1, 1
mequiv O2/kg; group 2, 84 mequiv O2/kg; group 3, 223
mequiv O2/kg. The PV determinations were made according
to AOCS Official Method Cd 8-53 (36) and could be ex-
pressed as millimoles of FA hydroperoxy groups per kilogram
of oil. This method does not assay oxo-FA other than hy-
droperoxides. The vitamin E contents of the oils were as fol-
lows: group 1, 566 mg/kg; group 2, 459 mg/kg; group 3, 1
mg/kg. The vitamin E determinations were made according
to IUPAC 2.432/C112029 method (37). FA compositions of
the oils (Table 3) were determined as described below. 
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TABLE 1
Reference Compounds Used in the Studya

Number TAGb Number Derivatized TAGb

I 18:0-18:1-18:0 Ia 18:0-18:1 epoxyc-18:0 
Ib 18:0-18:1 OOH-18:0 
Ic 18:0-18:1 OH-18:0 
Id 18:0-18:1 keto-18:0

II 18:1-18:0-18:0 IIa 9:0 ALD-18:0-18:0 
IIb 9:0 ALD-18:0-18:0 DNPH

III 18:1-18:1-18:0 IIIa 18:1-18:1-18:0 diepoxyc

IIIb 18:1 OOH-18:1-18:0
IIIc 18:1 OOH-18:1 OOH-18:0

IV 18:2-18:1-16:0 IVa 9:0 ALD-9:0 ALD-16:0 di-DNPH

V 18:0-18:2-18:0 Va 18:0-18:2 diepoxyc-18:0
Vb 18:0-18:2 OOH-18:0
Vc 18:0-9:0 ALD-18:0 
Vd 18:0-9:0 ALD-18:0 DNPH

VI 22:0-18:1-22:0 VIa 22:0-18:1 epoxyc-22:0 
VIb 22:0-18:1 OOH-22:0 
VIc 22:0-9:0 ALD-22:0 
VId 22:0-9:0 ALD-22:0 DNPH 
VIe 22:0-18:1 OH-22:0
VIf 22:0-18:1 keto-22:0

VII Series of saturated
TAG (24:0–54:0) 

aALD, aldehyde; DNPH, 2,4-dinitrophenylhydrazine.
bRegioisomers (sn-1 and sn-3 positions not distinguished from each other).
cPosition of an epoxy group is marked as an underlined double bond. 

TABLE 2
Composition of the Feed of the Pigsa

Component g/kg feed Component g/kg feed

Barley 437.9 Monocalcium phosphate 7.7
Granulated soyb 364.9 Xylitol-Selen-E Vitac 21.9
Sunflower seed oil 140.0 Mineral-vitamin mixd 16.5
Feeding lime 11.1
aTotal energy from fat: 1350–1460 kcal/kg feed.
bContains 3.4–6.8% fat.
cIn kg of feed: 0.2 mg Se; 77 mg vitamin E.
dIn kg of feed: 2.8 g Ca; 1.0 g P; 0.7 g Mg; 4.1 g NaCl; 131 mg Fe; 28 mg
Cu; 0.3 mg Se; 115 mg Zn; 30 mg Mn; 0.3 mg I; 6,567 IU vitamin A; 657 IU
vitamin D; 63 mg vitamin E; 2.4 mg vitamin K; 2.4 mg vitamin B1; 6.0 mg
vitamin B2; 3.5 mg vitamin B6; 0.03 mg vitamin B12; 0.3 mg biotin; 18 mg
pantothenic acid; 25 mg niacin; 4.2 mg folic acid. 



The pigs were fed twice a day. During the first week, the
pigs were fed 170 g oil/d and during the second week 200 g
oil/d, the only exception being pig 8 (see Table 7), which was
fed 185 g oil/d during the second week due to its poor ap-
petite. Because of the high fat load, the pigs were fed in total
155 mg vitamin E/kg feed, not including vitamin E from the
oils (Table 2).

Sample preparation. Blood samples were obtained by
venipuncture from the jugular vein at 3 and 4 h (time points 1
and 2, respectively) after the last meal (half of the daily dose).
The blood was collected into tubes containing EDTA as an
anticoagulant. Plasma was separated from cells by centrifu-
gation at 3000 × g for 15 min. Chylomicrons and VLDL were
separated from plasma by ultracentrifugation, and LDL was
directly precipitated from EDTA plasma by buffered heparin
as described (16,38). Lipids were extracted from plasma and
lipoproteins using chloroform/methanol (2:1, vol/vol). 

Purification of TAG and their oxidation products. For FA
analysis, the TAG of chylomicrons and VLDL were purified
using Sep-Pak prepacked silica columns (Waters, Milford,
MA) (39). Normal-phase TLC without added antioxidants
was used to purify the reference compounds and the oxida-
tion products of chylomicron and VLDL TAG (40). Hep-
tane/di-isopropyl ether/acetic acid (60:40:4, by vol) solution
was used as the mobile eluent. Samples were applied to silica
G plates. Resolved components were scraped off the plates
and were recovered from the silica gel by extraction with
chloroform/methanol (2:1, vol/vol). When TLC was applied
to the lipoprotein lipid samples, two fractions below the TAG
band were scraped from the plate (TAG band, Rf = 0.59; frac-
tion 1, Rf = 0.30–0.50; fraction 2, Rf = 0.10–0.30). The fractions
contained the oxidized TAG molecules (27). The extracts were
washed with distilled water. TAG and their hydroxy, hydroper-
oxy, ketone, and epoxy derivatives were detected in UV light
after spraying with 2,7-dichlorofluorescein. Core aldehydes
showed a purple color with a Schiff base reagent (40). 

Derivatization of lipoprotein TAG core aldehydes. To de-
rivatize TAG core aldehydes, part of the oxidized TAG of the
lipoprotein samples was allowed to react with DNPH as de-
scribed above for the reference compounds, the exception
being that the reaction took place at 6°C overnight. 

FA analysis. The FAME of TAG were prepared by sodium

methoxide-catalyzed transesterification (41). Methyl esters
were dissolved in hexane and analyzed by GC (PerkinElmer
AutoSystem, Norwalk, CT) using a DB-23 column (30 m ×
0.32 mm i.d., 0.25 µm film thickness; Agilent Technologies,
Palo Alto, CA). The instrument was equipped with an FID.
We did not attempt to detect or identify oxidized FA via GLC.

Analysis of samples by HPLC-UV/ELSD and HPLC-ESI-
MS. TAG and their oxidation products were separated by RP-
HPLC. The HPLC system consisted of a Hitachi (Tokyo,
Japan) L-6200 Intelligent Pump with a Discovery HS C18
column (250 mm × 4.6 mm i.d.; Supelco Inc., Bellefonte,
PA). The column was eluted at 0.85 mL/min and a linear gra-
dient was used: 20% 2-propanol in methanol was changed to
80% 2-propanol in 20 min. The final composition was held
for 10 min. Eighty-five percent of the effluent (0.72 mL/min)
was led to a Sedex 75 (S.E.D.E.R.E., Alfortville, France)
ELSD through a Shimadzu (Kyoto, Japan) SPD-6AV UV/vis
detector that was used for the analysis of DNPH derivatives
of core aldehydes at 358 nm. An evaporation temperature of
70°C and nebulizer gas (air) pressure of 2.7 bar were used in
the ELSD. Fifteen percent of the effluent (0.13 mL/min) was
led to a Finnigan MAT TSQ 700 triple quadrupole mass spec-
trometer (Finnigan, San Jose, CA) equipped with a nebulizer-
assisted electrospray interface. Full-scan MS spectra were
collected in negative (m/z 600–1200) and positive (m/z
450–1100) ionization mode. The electrospray voltages used
were −4.5 and +4.5 kV, respectively.

Determination of the oxidation level of plasma and lipopro-
teins. For the estimation of total lipid oxidation by the base-
line level of diene conjugation in plasma and lipoproteins, ex-
tracted lipids of plasma, chylomicrons, VLDL, and LDL were
dissolved in cyclohexane and analyzed spectrophotometrically
at 234 nm. Absorbance units were converted to molar units
using the molar extinction coefficient 2.95 × 104 M−1 cm−1.
The results were expressed as micromoles conjugated dienes
in a liter of plasma to have an estimation of the actual level of
oxidized lipoproteins in circulation (18). The proportions of
oxidized TAG molecules were estimated by HPLC using the
conditions described above. The estimations were based on
the ELSD chromatograms of the HPLC runs in which an in-
ternal standard was used. The response of ELSD to the in-
jected amount of a reference compound (Table 1, Ia) was
tested before the estimations were made. 

Statistical analysis. SPSS 10.0 and SPSS 12.0 (Chicago,
IL) for Windows were used for data analysis. One-way
ANOVA and the Kruskal–Wallis test were used to compare
the BDC values and FA compositions of the different piglet
groups.

RESULTS 

FA compositions of the TAG of chylomicrons and VLDL are
listed in Tables 4 and 5, respectively. Both lipoprotein classes
reflected, to a large degree, the FA compositions of the test
oils. Lipoprotein TAG contained more 16:0 (palmitic acid)
and 18:3n-3 (α-linolenic acid), and less 18:2n-6 (linoleic
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TABLE 3
FA Compositions of the Oils Fed to Pigsa

FA Oil 1b Oil 2c Oil 3d

16:0 5.9 6.0 6.2
18:0 3.6 3.6 3.7
18:1n-9 24.7 25.1 25.7
18:1n-7 0.7 0.7 0.8
18:2n-6 64.1 63.6 62.6
18:3n-3 0.3 0.3 0.2
20:0 0.2 0.2 0.2
22:0 0.5 0.5 0.6
aResults expressed as percentage of total FA.
bPV 1 mequiv O2/kg oil.
cPV 84 mequiv O2/kg oil.
dPV 223 mequiv O2/kg oil.



acid) than the test oils. The differences between the lipopro-
tein TAG compositions of different diet groups were rela-
tively small. Both 18:3n-6 (γ-linolenic acid) and 22:1n-9 were
found in VLDL but not in chylomicrons. The presence of γ-
linolenic acid in VLDL TAG indicates hepatic ∆6-desatura-
tion of dietary linoleic acid and incorporation of the γ-
linolenic acid formed into VLDL, or incorporation of endoge-
nous γ-linolenic acid into VLDL. 

The retention times obtained with the present HPLC col-
umn were longer than those obtained with the column used
by Sjövall et al. (27). This is why the time of the linear gradi-
ent applied was shortened. Despite the change, the standard
curve made with a series of saturated TAG (G-1) was linear
between 10 and 30 min. The validity of the elution factors de-
termined by Sjövall et al. for the present HPLC column and
gradient program was tested with different TAG and with core
aldehyde, hydroperoxide, hydroxide, and epoxide reference
compounds (Table 1). It was concluded that the elution fac-
tors could be applied to the present column as such.

Several oxidation products of TAG were detected in the
TLC fractions of chylomicron and VLDL lipids. The oxidized
structures were found by extracting peaks of a specific m/z
value from the MS chromatograms of HPLC runs (Fig. 1).
Only [M + Na]+ ions were formed from the molecules other
than DNPH derivatives, which were seen as [M − H]− ions.
This simplified identification. If the retention time for a peak
of an m/z value suggested a certain type of oxidation product
and a particular FA composition, and a homologous series of
ions was found in the chromatogram, this was regarded as ev-
idence of a certain molecular structure. Because of the small

amount of oxidized TAG in the samples, individual oxidation
products could not be quantified. 

The postulated molecular structures of the oxidized TAG of
chylomicrons and VLDL are listed in Table 6. No major differ-
ences were found between the oxidation products of the lipopro-
tein samples from different pigs. Most of the oxidized structures
were found in all samples at both time points. In some cases (par-
ticularly chylomicron TAG ketones in time point 1), the peaks
representing the oxidation products of TAG were slightly
stronger in group 3 compared with the other groups. Typically,
the oxidation products were formed from TAG with ACN:DB
(acyl carbon number:number of double bonds) values of 52:2,
52:3, 52:4, 54:3, 54:4, 54:5, and 54:6.

In most oxidation products detected, oxidation had oc-
curred in only one of the FA of a TAG molecule. These prod-
ucts consisted of TAG molecules with a hydroxy, an epoxy,
or a keto group attached to a FA, and of TAG core aldehydes.
Based on the intensities of the extracted peaks in the MS
chromatograms (Fig. 1), hydroxides seemed to be the most
abundant TAG oxidation product in the samples. 

Autoxidation of TAG produces two distinct classes of
epoxides (25): those in which the oxygen atom is added at the
site where a double bond has been, and those in which the
epoxide is added near a double bond so that no double bonds
are lost (25). In our samples, oxygen seems to have been
added mainly at the site of a double bond, again based on the

642 J.-P. SUOMELA ET AL.

Lipids, Vol. 39, no. 7 (2004)

TABLE 4
FA Compositions of the TAG of Pig Chylomicronsa

FA Group 1 Group 2 Group 3

Time point 3 h
16:0 8.1 ± 0.3 8.8 ± 1.1 8.8 ± 1.5
16:1n-7 0.3 ± 0.2 0.2 ± 0.0 0.3 ± 0.0
18:0 3.3 ± 0.1 3.4 ± 0.5 3.5 ± 0.2
18:1b 26.0 ± 0.7 25.2 ± 0.1 26.0 ± 1.3
18:2n-6 59.7 ± 0.5 59.5 ± 1.8 58.4 ± 1.2
18:3n-3 0.8 ± 0.1 0.9 ± 0.2 0.6 ± 0.1
20:0 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.0
20:1n-9 0.2 ± 0.0 0.3 ± 0.1 0.3 ± 0.1
20:2n-6 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.1
20:4n-6 1.3 ± 0.1 1.1 ± 1.0 1.6 ± 0.3

Time point 4 h
16:0 8.3 ± 0.2 9.7 ± 1.0 8.0 ± 1.2
16:1n-7 0.4 ± 0.2 0.3 ± 0.1 0.3 ± 0.0
18:0 3.4 ± 0.4 3.4 ± 0.5 3.4 ± 0.2
18:1b 25.6 ± 0.3 24.3 ± 1.3 26.3 ± 1.0
18:2n-6 59.4 ± 0.7 57.4 ± 2.2 58.6 ± 1.4
18:3n-3 1.0 ± 0.1 1.1 ± 0.4 0.6 ± 0.0
20:0 0.1 ± 0.0 0.1 ± 0.1 0.2 ± 0.0
20:1n-9 0.2 ± 0.0 0.3 ± 0.1 0.3 ± 0.1
20:2n-6 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.1
20:4n-6 1.2 ± 0.0 3.1 ± 1.0 2.0 ± 1.0

aResults expressed as percentage of total FA (mean ± SD, n = 3).
bIncludes FA of n-9 and n-7 series.
cn = 2.

TABLE 5
FA Compositions of the TAG of Pig VLDLa

FA Group 1 Group 2 Group 3

Time point 3 h
16:0 7.3 ± 0.1 7.7 ± 1.2 8.8 ± 2.7
16:1n-7 1.0 ± 0.1 0.7 ± 0.2 0.7 ± 0.2
18:0 2.6 ± 0.2 2.9 ± 0.6 2.7 ± 0.2
18:1b 23.8 ± 0.1a 24.2 ± 0.6 25.7 ± 1.0b

18:2n-6 58.7 ± 1.8 57.6 ± 2.6 55.3 ± 3.0
18:3n-6 1.3 ± 0.4 1.0 ± 0.5 1.4 ± 0.6
18:3n-3 0.7 ± 0.1 0.8 ± 0.2 0.6 ± 0.1
20:0 0.0 ± 0.1 0.1 ± 0.0 0.0 ± 0.0
20:1n-9 0.2 ± 0.0a 0.2 ± 0.0a 0.3 ± 0.0b

20:2n-6 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.0
20:4n-6 3.4 ± 1.1 3.9 ± 2.0 3.3 ± 0.6
22:1n-9 0.0 ± 0.0 0.1 ± 0.1 0.2 ± 0.2

Time point 4 h
16:0 8.0 ± 0.4 8.4 ± 1.8 9.2 ± 2.9
16:1n-7 0.9 ± 0.2 0.6 ± 0.3 0.9 ± 0.3
18:0 2.9 ± 0.4 3.4 ± 0.9 2.8 ± 0.4
18:1b 23.3 ± 0.6a 23.3 ± 0.8a 26.7 ± 1.8b

18:2n-6 58.7 ± 1.7 56.3 ± 3.8 54.5 ± 5.5
18:3n-6 0.7 ± 0.5 0.8 ± 0.4 0.4 ± 0.4
18:3n-3 0.9 ± 0.1 1.0 ± 0.3 0.5 ± 0.4
20:0 0.1 ± 0.1 0.1 ± 0.1 0.0 ± 0.0
20:1n-9 0.3 ± 0.0 0.3 ± 0.1 0.4 ± 0.2
20:2n-6 0.5 ± 0.0 0.6 ± 0.1 0.6 ± 0.1
20:4n-6 3.6 ± 0.8 4.8 ± 3.0 3.9 ± 0.7
22:1n-9 0.1 ± 0.1 0.2 ± 0.2 0.1 ± 0.1

aResults expressed as percentage of total FA (mean ± SD, n = 3). Different
superscript roman letters indicate significant differences between diet groups
(P < 0.05).
bIncludes FA of n-9 and n-7 series.



intensities of the extracted peaks in the MS chromatograms
(Fig. 1) and the FA composition of the TAG (Tables 4 and 5).

Since no elution factors were determined for ketone com-
pounds in the work of Sjövall et al. (27), the postulated pres-
ence of ketones based on the extracted peaks in the MS chro-
matograms (Fig. 1) had to be confirmed. For this purpose, the
retention times of the postulated ketone peaks were compared
with the retention time of the ketone reference compounds
(Table 1). The results showed that TAG molecules with a ke-
tone group in one of the FA were present in our samples. The
ketone structures may have formed in either of two ways: Ei-
ther the number of double bonds between FA carbons had not
changed (e.g., conversion of a hydroperoxide to a ketone by

dehydration), or there was one less double bond (formation
of a ketone at a site of unsaturation). 

In accordance with our previous study on human LDL
(17), virtually no hydroperoxides were found in the lipopro-
tein samples. This is in contrast to the oxidized test oils,
where monohydroperoxides were the major class of oxidized
TAG. In the test oils, monohydroperoxides were formed from
TAG with ACN:DB 52:2, 52:3, 52:4, 54:3, 54:4, 54:5, and
54:6 (like most of the oxidized TAG molecules in the lipopro-
tein samples); also, some monoepoxides and mono-core alde-
hydes were formed from the same TAG molecules. Part of the
test oil hydroperoxides as well as hydroperoxide reference
compounds lost 18 mass units in the ion source, which
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FIG. 1. Ion chromatograms showing the oxidized TAG molecules of pig chylomicrons. Postulated molecular struc-
tures (not regioisomers) are included in the chromatograms. (A) TAG of 54 acyl carbons with a hydroxy, a keto, or
an epoxy group attached to a FA. The mass calibration was made using m/z values 0.5 units higher than the calcu-
lated isotopic masses; the ions have been detected accordingly. (B) TAG of 45 carbons (originally 54 carbons) with
a FA core aldehyde (ALD) (as a 2,4-dintrophenyl hydrazine derivative). 



denotes cleavage of H2O. The product formed could be a ke-
tone or an epoxide without a loss of any double bonds. Neff
and Byrdwell (25) discovered that in the atmospheric-pres-
sure chemical ionization ion source, TAG hydroperoxides
formed epoxides by loss of the outer –OH from the hydroper-
oxy group, followed by cyclization of the remaining oxygen.
This reaction may also have taken place in our ESI source. 

Figure 2 shows the BDC values of plasma and separate
lipoproteins. The differences between groups 1 and 2 were rela-
tively small in most cases, but the BDC values of group 3 were
higher than those of groups 1 and 2 in all fractions and both time
points. This indicates that feeding pigs on oxidized oil had an
increasing effect on the oxidation of lipoprotein lipids. It is note-
worthy, though, that the oxidized test oils contained less vita-
min E than the nonoxidized oil, resulting in lower total vitamin
E content in the feeds containing the oxidized oils.

The estimated proportions of oxidized TAG molecules in
the total lipids of the test oils and chylomicrons are listed in
Table 7. The oxidized molecules include all the oxidized TAG
species that were detectable in HPLC-ELSD chromatograms.
Proportions could not be determined for group 2 owing to the
small amount of samples. The results show that the propor-
tion of oxidized TAG was considerably lower in the chylomi-
cron lipids of pigs fed on oxidized oil compared with the
lipids of oxidized oils themselves. However, the proportion
of oxidized TAG molecules was greater in group 3 compared
with group 1. This is in agreement with the previously men-
tioned BDC determinations and the hypothesis that TAG con-
tribute to the oxidation of lipoproteins. 

In most cases, no peaks were found for oxidized TAG mol-
ecules of VLDL in ELSD chromatograms. Thus, estimations
could not be made for VLDL. 

DISCUSSION

As chylomicrons and VLDL contain approximately 90 and
55% TAG, respectively (42,43), it would be likely that the ox-
idation of lipoproteins was partly due to oxidized TAG mole-
cules. This is supported by our earlier work, which demon-
strated that TAG have a contribution of almost 30% to the
diene conjugation of LDL, which contains considerably less
TAG than chylomicrons and VLDL (Ahotupa, M., and Vi-
ikari, J., unpublished results). The present results on lipopro-
tein TAG oxidation also support this hypothesis. 

The lack of TAG hydroperoxides in the lipoprotein sam-
ples is in accordance with the observation that only traces of
unmodified hydroperoxy lipids are found in tissue and blood
samples (44). According to Spiteller (44), lipid hydroperox-
ides are quickly converted to hydroxides in biological sur-
roundings. In the studies of the group of Yamamoto (45), cho-
lesteryl ester hydroperoxides were present in rat and human
plasma whereas PC hydroperoxides were undetectable be-
cause of enzymatic and nonenzymatic reduction and conver-
sion. Our results suggest that modification of hydroperoxy
structures, particularly conversion to hydroxides, could also
take place in the oxidized TAG molecules found in chylomi-
crons and VLDL. TAG hydroperoxides of dietary origin may,
to a large degree, be reduced and decomposed to secondary
oxidation products already in gastrointestinal tract (46,47). 

The possibility that some decomposition of hydroperoxy
structures had occurred during sample preparation cannot be ex-
cluded. However, our hydroperoxide reference compounds were
observed to be relatively stable during storage and during TLC
and HPLC-MS runs. Therefore, sample preparation probably
does not explain the absence of hydroperoxides in the samples.
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TABLE 6
Postulated Structures of the Oxidized TAG Molecules Found in the Chylomicron and VLDL Samplesa

ACNb Hydroxides Epoxides Ketones Aldehydes

50 18:2 keto/16:0/16:0c 9:0 ALD/16:0/16:0c

18:1 keto/16:0/16:0c

52 18:3 OH/18:2/16:0d 18:2 epoxy/18:1/16:0 18:3 keto/18:2/16:0d 9:0 ALD/18:2/16:0c

18:2 OH/18:2/16:0 18:1 epoxy/18:2/16:0 18:2 keto/18:2/16:0 9:0 ALD/18:1/16:0c

18:2 OH/18:1/16:0 18:1 epoxy/18:1/16:0 18:2 keto/18:1/16:0 12:1 ALD/18:2/16:0c

18:1 OH/18:1/16:0 18:1 epoxy/18:0/16:0 18:1 keto/18:2/16:0 13:2 ALD/18:2/16:0c

18:0 epoxy/18:1/16:0 18:1 keto/18:1/16:0
18:0 diepoxy/18:2/16:0c

18:0 diepoxy/18:1/16:0c

54 18:3 OH/18:2/18:2d 18:2 epoxy/18:2/18:1 18:2 keto/18:2/18:2 9:0 ALD/18:3/18:2c

18:2 OH/18:2/18:2 18:1 epoxy/18:2/18:2 18:2 keto/18:2/18:1 9:0 ALD/18:2/18:2
18:2 OH/18:2/18:1 18:2 epoxy/18:1/18:1 18:1 keto/18:2/18:2 9:0 ALD/18:2/18:1
18:2 OH/18:1/18:1 18:1 epoxy/18:2/18:1 18:2 keto/18:1/18:1 9:0 ALD/18:1/18:1c

18:1 OH/18:1/18:1 18:1 epoxy/18:1/18:1 18:1 keto/18:2/18:1 12:1 ALD/18:2/18:2
18:1 OH/18:1/18:0c 18:1 epoxy/18:1/18:0 18:1 keto/18:1/18:1 12:1 ALD/18:2/18:1

18:0 epoxy/18:1/18:1 18:1 keto/18:1/18:0c 12:1 ALD/18:1/18:1
18:0 diepoxy/18:2/18:2c 18:0 keto/18:1/18:1c 12:1 ALD/18:1/18:0
18:0 diepoxy/18:2/18:1c 13:2 ALD/18:2/18:1c

18:0 diepoxy/18:1/18:1c 13:2 ALD/18:1/18:1c

aThe most probable molecular structures based on m/z values, TAG FA compositions, and the assumption that the most unsaturated FA is oxidized; regioiso-
mers are not distinguished. ALD, aldehyde.
bAcyl carbon number (ACN) of the original TAG molecule.
cUncertain/very weak peak in chromatogram.
dMore abundant in VLDL samples.



Oxidized TAG molecules could at least partly explain why
lipoproteins rich in TAG seem to be important factors in the
induction of atherogenesis (48). As already mentioned, TAG
hydroxides seemed to be the most abundant group of oxidized
TAG in our samples. An interesting detail is that linoleic acid
hydroxides are found in atherosclerotic plaques (44). Also,
linoleic acid hydroxides have been found to be endogenous
activators and ligands of peroxisome proliferator activated re-
ceptor protein γ, which promotes monocyte/macrophage dif-
ferentiation and uptake of oxidized LDL (49,50). Thus,

linoleic acid hydroxides as well as those of other PUFA could
have an influence on atherogenesis (44).

In summary, new information on oxidized TAG molecules
of chylomicrons and VLDL was obtained, which can aid fu-
ture research of dietary effects on lipoprotein oxidation and
atherogenesis. The results obtained by the BDC method show
that the lipoprotein lipids of group 3 were more oxidized
compared with group 2 and especially when compared with
group 1. It was also shown that the chylomicron samples of
group 3 contained more oxidized TAG molecules than the
samples of group 1. Thus, our results suggest that the oxida-
tion of dietary fat is reflected in lipoprotein oxidation. The
present results will stimulate further research using larger
groups of growing pigs to provide more detailed information
on lipid oxidation and oxidized lipid molecules in disease
processes.
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ABSTRACT: The white muscle of Atlantic salmon metabolizes
FA with different chain lengths and different saturations at differ-
ent rates, but few details are available on the processes involved
or the products formed. We have investigated how multinucle-
ated muscle cells (myotubes) in culture metabolize [1-14C]8:0,
[1-14C]18:1n-9, and [1-14C]20:5n-3. The myotubes were
formed by the differentiation of isolated myosatellite cells from
the white skeletal muscle of salmon fry. Almost all (98%) of the
[1-14C]8:0 substrate was oxidized to acid-soluble products
(ASP) and 14CO2 after 48 h of incubation, whereas only approx-
imately 50% of the [1-14C]18:1n-9 and [1-14C]20:5n-3 sub-
strates were oxidized. However, only one cycle of β-oxidation
was measured by the method used. For all three substrates, the
main ASP were acetate and a combined fraction of oxaloacetate
and malate. Nearly twice as much radioactivity from the [1-
14C]20:5n-3 substrate was found in the cellular lipids as ra-
dioactivity from [1-14C]18:1n-9, indicating that [1-14C]20:5n-3
was taken up into muscle cells more rapidly than [1-14C]18:1n-9.
Approximately 10% of the added [1-14C]20:5n-3 substrate and
5% of the added [1-14C]18:1n-9 substrate was secreted from the
muscle cells into the culture media as esterified lipids. Immuno-
cytochemical staining showed that the cells synthesized
apolipoprotein A-I. Differentiated muscle cells also expressed
peroxisome proliferator-activated receptor α (PPARα) and
PPARβ, two transcription factors that are involved in regulating
β-oxidation. 

Paper no. L9462 in Lipids 39, 649–658 (July 2004).

Traditionally, lipids have not been considered an important fuel
during exhaustive exercise and recovery in fish. Evidence is
mounting, however, that many fish species have a relatively
high capacity to utilize the FA in TAG as an important meta-

bolic fuel for skeletal muscle (1,2), and that these species rely
on lipid oxidation in muscle to produce the ATP needed for re-
covery after exhaustive exercise (3). Atlantic salmon can store
a considerable proportion of the FA esterified in TAG in
adipocytes of muscle myosepta (4) and also, to some extent, in
white muscle cells. Both of these cell types can release nones-
terified FA (NEFA) for β-oxidation in highly metabolically ac-
tive tissues such as the liver and muscle. Several studies have
shown that the β-oxidation activity per milligram of white mus-
cle tissue is low in fish (1,5,6). However, white muscle consti-
tutes approximately 60% of the total body weight (7); thus, the
white muscle is probably more important for overall β-oxida-
tion in fish than the liver or the red muscle (2,5). The NEFA in
muscle cells probably enter different metabolic pathways, de-
pending on their chain length and degree of saturation. This is
the case for NEFA in salmon liver (8,9). Medium-chain FA
(MCFA) such as 8:0 are believed to enter the mitochondria
prior to β-oxidation independently of the carnitine transport
system, whereas longer-chain FA (LCFA) such as 18:1n-9 use
a carnitine–acylcarnitine exchange system to enter the mito-
chondria (reviewed in Ref. 10). LCFA thus cross the membrane
at a lower rate than do MCFA. However, we do not know
whether the rate of β-oxidation in salmon muscle cells is influ-
enced by the rate of entry of FA into the mitochondria. Mito-
chondrial MCFA and LCFA both undergo β-oxidation to yield
acetyl-CoA in mammals. The acetyl-CoA generated in this way
by mitochondrial FA oxidation in the liver of mammals is chan-
neled to the tricarboxylic acid (TCA) cycle and to ketogenesis
(11,12). In contrast, we know very little about the major β-oxi-
dation products from FA with different chain lengths in salmon
muscle cells and what happens to them. Although it is true that
most β-oxidation takes place in mitochondria, peroxisomes are
also necessary for the β-oxidation of a wide range of FA. In At-
lantic salmon, peroxisomal β-oxidation accounts for approxi-
mately 10% (5) of total β-oxidation, whereas it may account
for as much as 50% of the total β-oxidation in some marine
teleosts (13,14). Most acetyl-CoA units released during peroxi-
somal FA oxidation in mammalian liver cells are metabolized
to acetate (15), but we do not know whether this is the case in
fish. 

Controlling the rate of FA oxidation is highly important, and
it is important for us to understand which steps in the pathway

Copyright © 2004 by AOCS Press 649 Lipids, Vol. 39, no. 7 (2004)

*To whom correspondence should be addressed at AKVAFORSK, Institute
of Aquaculture Research, P.O. Box 5010, NO-1432 Ås, Norway.
E-mail: anne.vegusdal@akvaforsk.nlh.no
Abbreviations: AEC, 3-amino-9-ethylcarbazole; apoA-I, apolipoprotein A-I;
ASP, acid-soluble product; BHB, β-hydroxybutyrate; HRP, horseradish per-
oxidase; LCFA, long-chain FA; MCFA, medium-chain FA; MDG, mono-
and diacylglycerols; MLC2, myosin light-chain 2; NEFA, nonesterified fatty
acid; ox-mal, oxaloacetate and malate; PBS-T, PBS with 0.05% Tween;
PCNA, proliferating cell nuclear antigen; PL, phospholipid; PPAR, peroxi-
some proliferator-activated receptor; PVDF, polyvinylidene difluoride; RT-
PCR; reverse-transcriptase polymerase chain reaction, TCA, tricarboxylic
acid.

β-Oxidation, Esterification, and Secretion
of Radiolabeled Fatty Acids in Cultivated

Atlantic Salmon Skeletal Muscle Cells
A. Vegusdala,*, T.K. Østbyea, T.-N. Tranb, T. Gjøenc, and B. Ruytera

aAKVAFORSK, Institute of Aquaculture Research, NO-1432 Ås, Norway,
bInstitute of Clinical Biochemistry, Rikshospitalet University Hospital, Univerity of Oslo, NO-0027 Oslo, Norway,

and cDepartment of Microbiology, Institute of Pharmacy, University of Oslo, NO-0316 Oslo, Norway



contribute significantly to controlling the FA flux so that we
might better understand increases or decreases in the rate of fat
breakdown. However, we do not know how FA metabolism is
regulated in salmon muscle. This regulation is important since
the selective FA oxidation capacity of the muscle may deter-
mine not only the fat content, but also the FA composition of
the muscle, and in this way influence the nutritional quality of
the fillet. Modern salmonid diets have high lipid contents, and
in several fish species, such as rainbow trout (16,17) and At-
lantic salmon (18–20), these diets have led to increased muscle
lipid levels. Excess lipid levels in the muscle may undermine
fish health and quality (reviewed in Ref. 21). It would there-
fore be beneficial if the fish used more of the lipid stored in the
muscle for producing energy. This could be achieved by stimu-
lating FA oxidation.

In mammals, different dietary FA regulate lipid metabolism
by the activation of nuclear receptors such as the peroxisome
proliferator-activated receptors (PPAR) (22). We have previ-
ously shown that PPARγ is expressed in salmon liver (23,24)
and salmon adipocytes (25). PPAR genes have recently been
identified in other fish species (26,27), but the function of
PPAR in fish muscle is not known. PPARα in mammals stimu-
lates the expression of genes involved in FA uptake, activation
of FFA into acyl-CoA esters, peroxisomal and mitochondrial
β-oxidation pathways, and ketone body synthesis (reviewed in
Ref. 28). PPARβ is the most abundant receptor of the various
PPAR in the skeletal muscle (29), and this receptor promotes
FA oxidation and TAG utilization (30). It is not known whether
PPARα and PPARβ have the same regulatory functions in fish. 

Salmon myosatellite cells isolated from white striated mus-
cle differentiate into functional muscle fibers in culture (31).
These cells could provide an appropriate experimental system
for investigating muscle-specific FA metabolism in Atlantic
salmon. We have used this in vitro salmon muscle cell system
to study how FA with different chain lengths and degrees of
saturation are oxidized to different products or are esterified
into different cellular and secreted lipids. We have also deter-
mined whether these cultivated muscle cells express PPAR
known to be important for the regulation of β-oxidation in
mammals.

MATERIALS AND METHODS

Materials. Atlantic salmon (Salmo salar) fry were obtained from
Aqua Gen (Sunndalsøra, Norway) and raised in a local aquar-
ium at the Agricultural University of Norway. A commercial
feed containing 20% fat was used. The radiolabeled FA [1-
14C]8:0, [1-14C]18:1n-9, and [1-14C]20:5n-3 (50 mCi/mmol)
were obtained from American Radiolabeled Chemicals, Inc. (St.
Louis, MO). DMEM, FBS, antibiotics, HEPES, L-glutamine,
collagenase, trypsin, EFA-free BSA, laminin, Thermanox cover
slips, the rabbit anti-goat IgG horseradish peroxidase (HRP)-
conjugated antibody used in Western blots, phenylethylamine,
and phenylmethylsulfonyl fluoride (PMSF) were obtained from
Sigma-Aldrich (St. Louis, MO). Acetic acid, chloroform, petro-
leum ether, diethyl ether, and methanol were obtained from

Merck (Darmstadt, Germany). Benzene was obtained from Rath-
burn Chemicals Ltd. (Walkerburn, United Kingdom). Methano-
lic HCl and 2,2-dimethoxypropane were purchased from Su-
pelco Inc. (Bellfonte, PA). Glass baked silica gel K6 plates were
obtained from Whatman International Ltd. (Maidstone, United
Kingdom). Tissue culture plasticware was obtained from Nalge-
Nunc International (Naperville, IL). Paraformaldehyde was ob-
tained from Electron Microscopy Sciences (Fort Washington,
PA). The proliferating cell nuclear antigen (PCNA) immunode-
tection kit, Histomount, Clearmount, and Mayer’s hematoxylin
were supplied by Zymed Laboratories Inc. (South San Francisco,
CA). Trizol was from Boehringer Mannheim (Indianapolis, IN),
and the T-primed First Strand kit and polyvinylidene difluoride
(PVDF) transfer membranes, ECL Plus Western blotting detec-
tion kit, and ECL high-performance chemiluminescence film
were from Amersham Biosciences (Buckinghamshire, United
Kingdom). The Gene Amp PCR system 2400 was from
PerkinElmer (Boston, MA). All primers used in mRNA expres-
sion studies were from Invitrogen (Paisley, United Kingdom),
and they were designed to exclude amplification of genomic
DNA. The sequences were as follows: α-actin: sense: 5´-
atgggtcagaaggactc-3´, antisense: 5´-gtctcatgaataccagcg-3´; myo-
genin: sense: 5´-ctaccctgggcctgcaa-3´, antisense: 5´-ccacgatg-
gacgtcagaga-3´; myosin light-chain 2 (MLC2): sense: 5´-ggccc-
catcaacttcac-3´, antisense: 5´-ctcctccttctcctctccgtg-3´; myostatin
I: sense: 5´-cacgcaaatacatattcac-3´, antisense: 5´-gca cttcag-
ccagctg-3´; apoA-I: sense: 5´-ccatcagccaggccataaa-3´, and anti-
sense: 5´-tgagtgagaagggagggagaga-3´. The sequence of the β-
actin primer used in the expression studies of structural proteins
and myogenic regulatory factors was: sense: 5´-gaccttcaacaccc-
ccg-3´, antisense: 5´-agtacgacgagtctggc-3´, whereas the se-
quence of the β-actin primer used in the real-time expression
study of apoA-I was: sense: 5´-gctgacagggatgcagaaggaaa-3´ and
antisense: 5´- cctccgatccagacggagtatt-3´. The Mini Trans-blot
apparatus was from Biorad (Hercules, CA). Normal goat IgG,
normal rabbit IgG, and HRP–3-amino-9-ethylcarbazole (AEC)
immunodetection kits were provided by R&D Systems, Ltd.
(Abingdon, United Kingdom). Rabbit anti-human PPARα, rab-
bit anti-human PPARβ, and goat anti-human apoA-I were sup-
plied by Santa Cruz Biotechnology (Santa Cruz, CA). The goat
anti-rabbit IgG HRP-linked antibody used in Western blotting
was from Southern Biotechnology Associates (Birmingham,
AL). All antibodies were polyclonal. Cells in culture were ob-
served using a Diaphot inverted light microscope (Nikon, Japan).
A Leitz Laborlux S light microscope (Leica, Germany) was used
to view all stained cells. Leica DC100 cameras integrated with
the microscopes were used to capture digitized cell images. All
image acquisitions were controlled by Image Pro Plus 4.0 soft-
ware from Media Cybernetics (Silver Spring, MD). 

Cell isolation and differentiation. We used Atlantic salmon
fed a commercial diet and isolated myosatellite cells from the
fish when they had reached an average length of 5 cm.
Myosatellite cells were isolated essentially as described by
Koumans et al. (32), with the modifications developed by
Matchak and Stickland (31). The fish were stunned by a blow
to the head and killed by decapitation. White epaxial muscle
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was excised under sterile conditions and placed into 90%
DMEM. The tissue was minced, centrifuged at 300 × g for 5
min, and washed twice in 90% DMEM. Collagenase (0.2%) di-
gestion was allowed to proceed with gentle shaking for 90 min
at 11°C. The resulting suspension was centrifuged at 300 × g
for 5 min, and the pellet thus obtained was resuspended in 0.1%
trypsin solution. The suspension was digested for 30 min with
gentle agitation. It was then centrifuged for 1 min at 300 × g,
and the supernatant was aspirated and collected in 2 vol of ice-
cold DMEM containing FBS. The pellet was subjected to a sec-
ond trypsin digestion, centrifuged at 300 × g for 1 min, and the
supernatant was diluted in 2 vol of DMEM containing FBS.
The resulting two supernatants were centrifuged at 300 × g for
15 min. The pellet was resuspended in growth medium (90%
DMEM supplemented with 15% FBS, 10 mM HEPES, 2 mM
L-glutamin, and antibiotics) and filtered through a 40-µm filter.
The cells were washed once more, diluted in growth medium,
and plated (day 0) on laminin-precoated plastic tissue-culture
flasks or 24-well plates equipped with Thermanox coverslips.
It was difficult to count the myosatellite cells before plating
them because tissue debris and various other cell types were
present in the final cell suspension. The muscle tissue was
therefore weighed after excision, and cells were plated at a den-
sity of approximately 5 g of tissue/25 cm2. After adhesion for
3 h, the cells were extensively washed with medium. Cells
were incubated at 13°C without CO2, and the medium was
changed every 5 d. Cells were cultured for 4 wk in the growth
medium, during which period they differentiated into a conflu-
ent layer of multinucleated muscle cells (myotubes). Cultures
for proliferation assessment were fixed on days 1, 2, 4, and 28
after seeding. On day 14, cultures for immunocytochemical
studies were fixed, and cells for mRNA analyses and Western
blot analyses were harvested. Cultures that had reached conflu-
ent monolayers of differentiated muscle cells during the 4-wk
cultivation period were used for the studies of FA metabolism.

Assessment of cell proliferation. Cell proliferation was as-
sessed by the immunocytochemical detection of PCNA. Cells
were washed in PBS and fixed in 70% ethanol for 30 min at
4°C. Endogenous peroxidase activity was blocked by adding
3% hydrogen peroxide in methanol for 10 min. The cells were
washed three times in PBS and then incubated with a mouse
anti-PCNA monoclonal antibody (clone PC10) using a PCNA
immunodetection kit. The cells were counterstained with May-
er’s hematoxylin for 2 min, washed in water, dehydrated in a
graded series of alcohol solutions, cleared with xylene, and
mounted with Histomount. PCNA-containing nuclei were
stained dark brown. Two hundred cells were counted, and the
percentage of proliferating cells was calculated.

Immunocytochemistry. Cells for immunocytochemical
staining were washed in PBS and fixed in freshly prepared 4%
paraformaldehyde in PBS (pH 7.4) for 30 min at 4°C. The cells
were treated with 0.1% Triton X-100 in PBS for 15 min to im-
prove immunoglobulin penetration. The cells were rinsed in
PBS and incubated with blocking serum, and then with primary
antibody. PPARα, PPARβ, and apoA-I antibodies were diluted
1:50 in a dilution buffer (PBS with 1.5% FBS and 0.01%

Tween). All proteins were visualized using HRP–AEC (red
color) detection kits. Rabbit primary antibodies were replaced
by normal rabbit IgG, and the goat primary antibody was re-
placed by normal goat IgG in the negative controls. Another
negative control was obtained by omitting the primary antibod-
ies and using pure dilution buffer.

PAGE and Western blot analysis. Cells grown for 14 d were
washed in PBS, incubated in ice-cold extraction buffer (0.1 M
Tris-HCl, pH 8.3, 0.5 M NaCl, 5 mM DTT, 5 mM EDTA, and
2 mM PMSF) for 10 min at 4°C, and then harvested in the same
buffer. Cells were subjected to ultrasound for 5 × 4 s on ice,
and then centrifuged at 16,000 × g for 5 min at 4°C. Protein
concentration was determined by the method of Lowry et al.
(33). Approximately 40 µg of protein was loaded into each well
on a 10% SDS polyacrylamide gel. Gel electrophoresis was
performed at 100 V for about 1 h, and the polypeptides were
transferred onto moist PVDF transfer membranes by elec-
troblotting. The membranes were prewetted in 100% methanol
and rinsed in distilled water before blotting for 1 h using a Mini
Trans-Blot apparatus at 4°C. Protein blots were treated with a
blocking solution (PBS containing 5% dry milk and 0.1%
Tween) for 1 h at room temperature to block nonspecific bind-
ing. The blots were then incubated with anti-PPARα or anti-
PPARβ (diluted 1:1500) in PBS-T (PBS with 0.1% Tween)
overnight at 4°C. The blots were rinsed in PBS-T for 3 × 15
min and then incubated with HRP-conjugated anti-rabbit anti-
body (diluted 1:5000) in PBS-T for 1 h at room temperature.
Binding was detected by luminescence using high-performance
chemiluminescence film. 

mRNA-expression of structural proteins and myogenic reg-
ulatory proteins. Total RNA (5 µg) was isolated from cells
using Trizol and then reverse-transcribed into cDNA using a T-
primed First Strand kit. Reverse-transcriptase polymerase
chain reaction (RT-PCR) analyses were run on a Gene Amp
PCR 2400 system by denaturation at 95°C for 10 min, followed
by 35 cycles of amplification at 95°C for 30 s, at 60–62°C for
30 s, and at 72°C for 45 s. Amplified fragments were visual-
ized by agarose gel electrophoresis.

mRNA-expression of apoA-I. Total RNA from cultured mus-
cle cells or salmon head kidney cells (34) was isolated using
the RNAeasy mini kit (Quiagen, Chatsworth, CA). RNA (2 µg)
was used for cDNA synthesis with TaqMan reverse transcrip-
tion reagents using oligo-dT primers. The real-time PCR reac-
tion was set up on an ABI Prism 7000 with the SYBR Green
PCR master mix reagents (ABI, Midland, Canada). The expres-
sion of apoA-I was calculated relative to actin expression using
the 2–∆∆C

T method (35).
Incubations with radiolabeled FA. Confluent layers of mus-

cle cells were thoroughly washed with serum-free growth
medium and incubated in serum-free growth medium contain-
ing one of three radiolabeled FA (1 µCi/mL, 20 µM). The radio-
labeled FA were added to the media in the form of their potas-
sium salts bound to BSA (the molar ratio of FA to BSA was
2.7:1). Each FA incubation was conducted in five independent
parallel experiments (i.e., n = 5). Cells were incubated for 48 h at
13°C, and the medium from each culture flask was then removed
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for the analysis of radiolabeled lipid classes, acid-soluble prod-
ucts (ASP), and amount of 14CO2 produced. The cells were
washed twice in PBS and harvested in PBS for the analysis of
radiolabeled lipid classes. 

Lipid extraction, and analysis of lipid classes and FA compo-
sition. Total lipids were extracted from culture media and cells
using the method described by Folch et al. (36). The chloro-
form phase was dried under nitrogen gas, and the residual lipid
extract was redissolved in hexane. FFA, phospholipids (PL),
mono- and diacylglycerols (MDG), and TAG were separated
by TLC using a mixture of petroleum ether, diethyl ether, and
acetic acid (113:20:2, by vol) as the mobile phase. No sterol es-
ters were found after the separation of lipid classes. The lipids
were visualized by spraying the TLC plates with 0.2% (wt/vol)
2´,7´-dichlorofluorescein in methanol, and they were identified
by comparison with known standards under UV light. The
spots corresponding to FFA, PL, MDG, and TAG were scraped
off into vials containing liquid scintillation fluid (InstaGel II
Plus; Packard Instruments, Downers Grove, IL) for measure-
ments of radioactivity using a liquid scintillation counter (TRI-
CARB 1900 TR, Packard Instruments). The total FA composi-
tions of muscle cells and serum were determined basically as
described by Ruyter et al. (9). After Folch extraction and TLC,
the lipids were transmethylated overnight with 2,2-dimethoxy-
propane, methanolic HCl, and benzene at room temperature, as
described by Mason and Waller (37). The methyl esters of FA
were separated in a gas chromatograph (Perkin-Elmer Autosys-
tem GC equipped with an autoinjector and a programmable
split/splitless injector) with a CP Wax 52 column (L = 25 m,
i.d. = 0.25 mm, DF = 0.2 mm; PerkinElmer, Buckinghamshire,
England), FID, and 1022 data system. Helium was used as the
carrier gas, and the injector and detector temperatures were set
at 280°C. The oven temperature was raised from 50 to 180°C
at a rate of 10°C min–1, and then raised to 240°C at a rate of
0.7°C min–1. The relative quantity of each FA present was de-
termined by measuring the area under the peak corresponding
to a particular FA.

Measurement of 14CO2 from [1-14C]FA oxidation and
analyses of ASP. FA oxidation was measured essentially as de-
scribed by Christiansen et al. (38) with minor modifications.
[1-14C]-labeled FA, which enabled measurement of one cycle
of β-oxidation, were used in the experiment. Gaseous 14CO2
produced during the incubation was determined by transferring
1.5 mL of medium to a sealed glass vial with a center well con-
taining Whatman filter paper moistened with 0.3 mL of
phenylethylamine/methanol (1:1, vol/vol). The medium was
acidified with 0.3 mL of 1 M HClO4. After incubation for 1 h,
the wells containing the filter paper were placed into vials for
scintillation counting. The quantities of ASP present were de-
termined by acidifying 1 mL of the medium with 0.5 mL of ice-
cold 2 M HClO4 and incubating it for 60 min at 4°C. The
medium was then centrifuged, and an aliquot of the supernatant
was collected for scintillation counting. The remaining super-
natant was neutralized with NaOH and analyzed by HPLC on
a ChromSep (250 mm × 4.6 mm stainless steel) Inertsil C8-3
column (Chrompack Varian, Inc., Palo Alto, CA). The sample

was eluted at a flow rate of 1 mL/min with 0.1 M ammonium
dihydrogenphosphate adjusted with phosphoric acid to pH 2.5.
Eluted components were detected by a UV detector at 210 nm
and an A-100 radioactive detector (Radiomatic Instrument &
Chemicals, Tampa, FL) coupled in series to the UV detector.
The components in the ASP were identified by co-chromatog-
raphy with standards.

Statistical analysis. The data were subjected to a one-way
ANOVA, and differences were ranked by Duncan’s multiple
range test. The significance level was set at 5%.

RESULTS

Proliferation and differentiation of myosatellite cells in vitro.
Myosatellite cells and differentiated muscle cells (myotubes)
in the microscope were easy to recognize by their characteris-
tic morphology. One day after seeding, we observed myosatel-
lite cells with a typical spindle shape, together with more trian-
gularly shaped cells that we considered to be fibroblasts (Fig.
1A). On the second day in culture, most of the myosatellite
cells had become more elongated, and some of them had fused
with neighboring myosatellite cells. The myosatellite cells con-
tinually elongated and fused with other cells until they formed
a continuous web of multinucleated muscle cells after 2 wk.
However, the degree of differentiation reached by the cells at
this stage was heterogenous: Differentiated muscle cells were
present together with some cells that still showed a spindle-
shaped morphology (Fig. 1B). Growth and differentiation con-
tinued during the subsequent days until the muscle cells formed
a confluent layer that completely dominated the fibroblasts
after 4 wk in culture (Fig. 1C). Cells first stained positive for
PCNA on day 2 after seeding, showing that proliferation had
started. Approximately 25% of the myosatellite cells stained
positive for PCNA after 4 d in culture (Fig. 1D). Confluent cul-
tures did not proliferate 4 wk after seeding. At this stage, the
cultures consisted of terminally differentiated (postmitotic)
muscle cells. 

Expression of mRNA of muscle-specific proteins. The
mRNA of α-actin, MLC2, myogenin, and myostatin I were all
expressed after 14 d in culture (Fig. 2).

Expression of lipid regulatory proteins and apoA-I. Nuclei
of both myosatellite cells and differentiated muscle cells
stained intensely positive for PPARα, whereas the cytoplasm
showed no staining (Fig. 3A). The staining pattern for PPARβ
(Fig. 3B) was the same as that for PPARα. Immunolabeling of
apoA-I resulted in an intense staining in the cytoplasm, which
was especially prominent near the nuclei (Fig. 3C). Fibroblast-
like cells were not stained in any experiment, irrespective of
the primary antibody that was used. Controls for all antibodies
were very weakly stained, if at all. The negative control for
PPARα is shown in Figure 3D. PPARα and PPARβ primary
antibodies both labeled one specific band at approximately 50
kDa on Western blots (Fig. 4). The M.W. of the bands corre-
sponded approximately to the M.W. of the same proteins in
mammals. The quantity of apoA-I transcripts (relative to actin)
determined by real-time PCR showed that the level of apoA-I
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mRNA was about 10 times higher in cultured muscle cells than
in a long-term cell line from the salmon head kidney.

FA composition of muscle cells and FBS. The endogenous
FA composition of the muscle cells reflected the FA profile of
the FBS in the growth medium (Table 1). 

Distribution of [1-14C]FA substrates into cellular and se-
creted lipids and oxidation products. Muscle cells were incu-
bated for 48 h with [1-14C]8:0, [1-14C]18:1n-9, or [1-14C]20:5n-3
to study FA uptake, oxidation, esterification, and secretion.
Table 2 presents the incorporation of radioactivity from
[1-14C]8:0, [1-14C]18:1n-9, and [1-14C]20:5n-3 substrates into
cellular and secreted lipids, oxidation products (ASP and CO2),
and FFA in the culture media. The amounts of radioactivity that
were incorporated into each fraction during the 48-h incubation
time are expressed as percentages of the recovered radioactivity.
The [1-14C]8:0 substrate was primarily oxidized (98%) to [1-
14C]ASP and 14CO2, with less than 2% esterified into cellular and
secreted lipids. Almost 50% of the [1-14C]18:1n-9 and [1-
14C]20:5n-3 substrates were oxidized during the 48-h incubation
time. However, in contrast to [1-14C]20:5n-3, where 31% of the
radioactivity was recovered in cellular lipids, only 18% of the ra-
dioactivity from the [1-14C]18:1n-9 substrate was recovered in
cellular lipids. Furthermore, nearly twice as much radioactivity
was found in secreted lipids after cells had been incubated with
[1-14C]20:5n-3 (10%) than when they had been incubated with
[1-14C]18:1n-9 (5.3%). Twenty-nine percent of the radioactivity
from 18:1n-9 was recovered as FFA in the culture medium,
compared with 9% for [1-14C]20:5n-3.
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FIG. 1. Micrographs of salmon myosatellite cells and multinucleated
muscle cells (myotubes) differentiated in primary culture. (A) Twenty-
four hours after seeding, the myosatellite cells were small and showed a
characteristic spindle shape (arrowheads), whereas fibroblast-like cells
at this stage showed a more triangular shape (arrows). (B) During the
following days, the myosatellite cells elongated, and after 14 d in cul-
ture, most of them had fused to a web of multinucleated muscle cells
(arrows). Some cells still showed the characteristic spindle shape (ar-
rowheads). (C) The muscle cells reached confluence after 4 wk in cul-
ture. At this stage, the cultures consisted of terminally differentiated
(postmitotic) muscle cells with no fibroblast-like cells or myosatellite
cells. (D) Cell proliferation was assessed by immunocytochemical de-
tection of proliferating cell nuclear antigen (PCNA). PCNA-containing
nuclei are stained dark brown (arrowheads). Counterstaining with May-
er’s hematoxylin gave PCNA-negative nuclei a blue color (arrows). Ap-
proximately 25% of the myosatellite cells were labeled with PCNA after
4 d. Micrographs A, B, and C are unstained cells during cultivation;
bars = 50 µm. Micrograph D: bar = 20 µm.

FIG. 2. Expression of structural and myogenic regulatory proteins in salmon
muscle cells differentiated in primary culture. The cDNA sequences of α-
actin, myosin light-chain 2 (MLC2), myogenin, and myostatin I were am-
plified by reverse-transcriptase PCR from total RNA. β-Actin cDNA was in-
cluded as a positive control. 

A B

C D

FIG. 3. Micrographs showing the immunocytochemistry of myosatellite
cells and myotubes differentiated in primary culture. After 14 d in cul-
ture, the cells were immunostained (arrowheads) for (A) peroxisome
proliferator-activated receptor α (PPARα), (B) PPARβ, and (C)
apolipoprotein A-I (apoA-I). In all cases, the staining was positive in
both myosatellite cells and differentiated muscle cells. Both PPAR were
expressed in the nuclei, whereas intense apoA-I reactivity was detected
in the cytoplasm, especially near the nucleus. Fibroblast-like cells were
not stained. (D) Negative controls for all primary antibodies were with-
out immunostaining; the control for PPARα is shown. Bars = 20 µm. 



Recovery of [1-14C]FA in lipid classes of muscle cells and
culture media. Figure 5A compares the proportional distribu-
tion of radioactivity from [1-14C]8:0, [1-14C]18:1n-9, and
[1-14C]20:5n-3 in PL, TAG, MDG, and FFA in muscle cells,
whereas Figure 5B shows the corresponding results for culture
media. Approximately 13% of the total radioactivity was ester-
ified in the PL fraction of the cells with both the [1-14C]20:5n-3
and the [1-14C]18:1n-9 substrates, about 10% was esterified in
the nonpolar lipids with the n-3 substrate, and about 3% was
esterified with the n-9 substrate. Very small amounts of radioac-
tivity from the 8:0 substrate were esterified in the PL (0.4%)
and nonpolar lipids (0.6%) of muscle cells. Approximately 7%
of the total radioactivity from the 20:5n-3 substrate was not es-
terified but was recovered as FFA in the cellular lipids, com-
pared with 1.4% for the 18:1n-9 substrate and 0.1% for the 8:0
substrate. Approximately 5% of the total radioactivity was re-

covered in the PL fraction of the culture media with the n-3
substrate, and approximately 5% was recovered in nonpolar es-
terified lipids. Approximately 2% of the total radioactivity was
recovered in the PL fraction of the culture media with the n-9
substrate, and approximately 3% was recovered in nonpolar es-
terified lipids. Almost no radioactivity was recovered in the
culture media from the 8:0 substrate. 

β-Oxidation products. The amounts of radioactive FA oxi-
dized to 14CO2 were similar for the three FA substrates, with
approximately 20% of total radioactivity recovered as 14CO2
after 48 h of incubation. Significantly more radioactivity from
the 8:0 substrate was recovered in [1-14C]-labeled ASP (78%)
than was recovered from either of the other two substrates
(26–30%) (Table 2). The [1-14C]-labeled ASP fractions were
separated by HPLC to determine the metabolic fates of oxida-
tion products from β-oxidation of the FA. Acetate was the main
oxidation product for all three FA substrates, accounting for 54
to 64% of the total radioactivity in ASP (Fig. 6). The TCA-
cycle products oxaloacetate and malate (ox-mal) accounted for
28.5% of the total radioactivity in the ASP fraction with [1-
14C]20:5n-3 as the substrate, and a small amount of radioactiv-
ity was recovered in the β-hydroxybutyrate (BHB) fraction
(7.5%). No radiolabeled BHB was recovered in the ASP frac-
tion with the [1-14C]8:0 and [1-14C]18:1n-9 substrates. Ox-mal
accounted for approximately 45% of the radioactivity in the
ASP fraction for both these substrates.
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FIG. 4. Western blot showing a single protein band for both PPAR anti-
bodies tested. For abbreviation see Figure 3.

TABLE 1
FA Composition of Total Lipid Fraction of Muscle Cells and FBSa

FA Muscle cells FBS

12:0 0.3 ± 0.31 0.3
14:0 1.1 ± 0.14 1.7
16:0 14.9 ± 0.38 22.3
18:0 8.9 ± 0.39 11.7
20:0 3.8 ± 1.92 0.2
22:0 0.2 ± 0.02 0.5
16:1n-7 2.3 ± 0.21 3.5
18:1n-7 2.1 ± 0.23 2.8
18:1n-9 20.8 ± 1.56 26.3
20:1n-9 1.5 ± 0.43 0.2
22:1n-7 0.3 ± 0.05 0.7
22:1n-11 1.4 ± 0.16 0.8
18:2n-6 12.1 ± 1.73 16.5
20:2n-6 0.4 ± 0.0 0.4
18:3n-3 2.1 ± 0.44 1.3
18:3n-6 0.4 ± 0.0 0.3
20:3n-3 0.3
20:3n-6 4.2 ± 0.19 1.4
18:4n-3 0.3 ± 0.04 0.2
20:4n-3 0.5 ± 0.0 2.2
20:4n-6 9.2 ± 2.50 3.8
22:4n-6 0.4 ± 0.14 0.2
20:5n-3 2.9 ± 0.10 0.7
22:5n-3 1.6 ± 0.39 0.8
22:5n-6 0.2 ± 0.06 0.3
22:6n-3 5.3 ± 0.48 0.8
Others 2.8 ± 1.93 1.3
ΣEPA + DHA 8.2 ± 0.60 1.5
Σ-n-3 12.7 ± 0.85 6.3
Σ-n-6 26.9 ± 0.82 22.9
Σ-n-9 22.3 ± 1.84 26.5
aThe quantity of each FA is given as a percentage of the total FA. Data from
muscle cell analysis are presented as means ± SEM (n = 3). 

FIG. 5. Percentage distributions of radioactivity from [1-14C]8:0, [1-
14C]18:1n-9, and [1-14C]20:5n-3 in cellular and medium lipids. Muscle
cells differentiated in primary culture were incubated with one of the
radiolabeled FA for 48 h. Total radioactivity recovered in all analyzed
fractions (sum of radioactivity incorporated into oxidation products and
lipid fractions from cells and media) = 100%. Data are shown as mean
± SEM (n = 5). Different capital letters indicate significant differences
between FA; different small letters indicate significant differences be-
tween lipid classes for each FA (P < 0.05).



DISCUSSION

Morphology and biochemical identity of muscle cells during
cultivation. The cells isolated from Atlantic salmon were rec-
ognized as myosatellite cells on the basis of their typical mor-
phological spindle shape at an early stage in culture. The cells
at a later stage became more elongated and fused with neigh-
boring cells to form multinucleated muscle cells, as described
by Matchak and Stickland (31). The myosatellite cell cultures
were contaminated with other cell types, mainly fibroblast-like
cells, early in the cultivation period. However, the muscle cells
gradually became the dominating cell type during cultivation,
and the cultures were nearly uncontaminated with other cell
types after week 4. We verified the identity of the cells used in
our study by verifying their myogenic identity. We did this by
verifying their expression of mRNA for the muscle-specific
factors α-actin, MLC2, myogenin, and myostatin I (39). The
myosatellite cells tended to proliferate until they reached con-
fluence, as do rainbow trout myosatellite cells in culture (40).
This contrasts with previous studies of salmon and carp
myosatellite cells in culture, in which a low proliferative activ-
ity has been reported (31,32). 

FA oxidation. Nearly all (98.4%) of the 8:0 substrate was
oxidized to ASP and CO2 during the 48-h incubation period,
compared with approximately 50% of the two other substrates,
18:1n-9 and 20:5n-3. The more rapid oxidation of the MCFA
than of the two LCFA may be due to the effective uptake of [1-
14C]8:0 into the muscle cells and because the MCFA can freely
pass the muscle cell mitochondrial membranes and does not re-
quire the presence of carnitine for transport into the mitochon-
dria. Further, the MCFA does not need carnitine to become ex-
tensively oxidized. This agrees with several mammalian liver
studies (reviewed in Ref. 10). 

HPLC/radiochromatographic analysis of organic acids in
ASP from Atlantic salmon muscle cells incubated with
[1-14C]8:0, [1-14C]18:1n-9, or [1-14C]20:5n-3 showed that
29–46% of the ASP fraction consisted of the TCA-cycle inter-
mediates ox-mal. This shows that a significant proportion of
the acetyl-CoA generated in the mitochondrial FA oxidation
was channeled to the TCA-cycle for ATP production in the cul-
tured salmon muscle cells, as is also the case in trout muscle in
vivo (41). A small amount (7%) of the ASP fraction was found
as the ketone body BHB after incubation with the [1-
14C]20:5n-3 substrate, whereas no ketone bodies were pro-
duced after incubation with the 8:0 or 18:1n-9 substrates. This
shows that the fish muscle cells had a relatively low capacity to
produce ketone bodies, which agrees with earlier studies (42).
In contrast, MCFA usually result in increased ketogenesis in
mammals, a result of the rapid and uncontrolled entry into the
mitochondria (reviewed in Ref. 10). The major product found
in ASP, however, was acetate, which accounted for 50–60% of
the total radioactivity in the ASP for all three FA substrates.
Several studies have shown that acetate is a major product of
FA oxidation in neonatal piglets, which display a low ketogenic
capacity (43,44). Acetogenesis can be considered an overflow
mechanism for acetyl-CoA in species with a low ketogenic ca-
pacity, in the same way ketogenesis has been considered to be
an overflow mechanism for acetyl-CoA in species with a high
ketogenic capacity. Rat studies have demonstrated that most of
the acetyl-CoA generated by FA oxidation in the peroxisomes
of hepatocytes is transformed to acetate, whereas in mitochon-
dria, conversion to acetate also occurs but at a minor rate rela-
tive to ketogenesis (11,12,15). Our results do not allow us to
determine the subcellular origin (mitochondrial or peroxiso-
mal) of the acetate produced in fish muscle cells.

Esterification of FA. Less than 2% of the radioactivity from
the [1-14C]8:0 substrate became esterified into cellular lipids
during the 48-h incubation, showing that oxidation is the major
metabolic fate of MCFA in fish muscle cells. This agrees with
results from mammals (reviewed in Ref. 10). The radioactivity
in esterified lipids was most probably from elongated forms of
8:0, since the 8:0 itself was unlikely to be incorporated un-
changed into glycerolipids. Twice as much radioactivity (31%)
from the [1-14C]20:5n-3 substrate was esterified in cellular
lipids than was esterified from the [1-14C]18:1n-9 substrate.
Nearly 30% of the 18:1n-9 substrate was recovered as FFA in
the culture medium in our study, compared with 9% for 20:5n-3.
This was probably unmetabolized FFA that had not been
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TABLE 2
Percentage Distributions of [1-14C]8:0, [1-14C]18:1n-9, and [1-14C]-
20:5n-3 in Total Cellular Lipids (FFA, PL, MDG, TAG) and Secreted
Esterified Lipids (PL, MDG, TAG), Medium FFA, Acid-Soluble
Products (ASP), and CO2

a

8:0 18:1n-9 20:5n-3

Recovery (nmol) 82.3 ± 5.38a 91.7 ± 3.67a 90.4 ± 4.18a

Cellular lipids 1.0 ± 0.02a 18.0 ± 0.23b 31.0 ± 0.57c

Secreted lipids 0.2 ± 0.01a 5.3 ± 0.09b 10.0 ± 0.33c

FFA in medium 0.4 ± 0.04a 28.9 ± 1.25c 9.3 ± 0.47b

ASP 78.1 ± 4.19b 26.5 ± 0.91a 30.4 ± 0.99a

CO2 20.3 ± 4.24a 21.3 ± 0.31a 19.3 ± 0.73a

aData are shown as means ± SEM (n = 5). Values with different letters indi-
cate significant differences (P ≥ 0.05) between FA. The number of nmol
added in each incubation was 100. PL, phospholipids; MDG, mono- and di-
acylglycerols.

FIG. 6. Percentage distributions of radiolabeled oxaloacetate and
malate (ox-mal), acetate, and β-hydroxybutyrate (BHB) from [1-14C]8:0,
[1-14C]18:1n-9, and [1-14C]20:5n-3 oxidation. Muscle cells differenti-
ated in primary culture were incubated with one of the radiolabeled FA
for 48 h. Total radioactivity recovered as acid-soluble products (ASP)
for each FA = 100%. Data are shown as mean ± SEM (n = 5). Different
letters indicate significant differences (P < 0.05) between the ASP for
each FA.



internalized by the muscle cells. Both the higher percentage of
[1-14C]20:5n-3 than that of [1-14C]18:1n-9 in the cellular and
the secreted lipids, and the higher amount of unmetabolized [1-
14C]18:1n-9 showed that [1-14C]20:5n-3 was taken up more
rapidly than [1-14C]18:1n-9. This agrees with previous work in
our group showing that n-3 FA are more readily esterified than
n-6 FA in cellular liver lipids in Atlantic salmon (9). Our re-
sults also agree with results from rainbow trout (45). The en-
dogenous FA composition of the cells was strongly influenced
by the FA composition of the lipid source of their growth
medium, FBS, during the 4-wk growth period. The muscle
cells became relatively rich in n-6 and n-9 FA, with relatively
low levels of long-chain n-3 FA. The influence of FBS on the
FA composition of cultured muscle cells resembles the influ-
ence of dietary vegetable oils on the muscle FA composition of
Atlantic salmon in vivo (46,47). The lower uptake of [1-
14C]18:1n-9 into muscle cells, as compared with [1-14C]20:5n-3,
may have been affected by the higher endogenous level of
18:1n-9 (20.8%) than that of 20:5n-3 (2.9%). 

Small amounts (4–10%) of both LCFA substrates were
found esterified in PL and nonpolar lipids in the culture media.
We believe that [1-14C]18:1n-9 and [1-14C]20:5n-3 had been
assimilated into lipoproteins in the muscle cells and then fur-
ther secreted into the culture media. Immunolabeling of the
muscle cells with anti-apoA-I showed intense staining in an
area close to the nucleus, which we believe was the Golgi re-
gion. mRNA for apoA-I was also expressed in the muscle cells.
This shows that salmon muscle cells synthesize apoA-I, which
is the most abundant protein in HDL, and that they probably
also secrete lipids into the medium in the form of this lipopro-
tein. Our results agree with previous results from skeletal mus-
cle in developing chicks, which synthesize and secrete apoA-I-
containing HDL (48). In the course of spawning migration,
which may be very long, salmon cease feeding. Lipids are mo-
bilized during this period from reserve tissues such as liver,
skeletal muscle, and visceral adipose tissue, not only to be used
as an energy source, but also to ensure the formation of genital
products. Carotenoids, particularly astaxanthin, are also trans-
ported from the muscle where they are stored in the skin and
gonads during sexual maturation (reviewed in Ref. 49). Asta-
xanthin is transported by HDL and vitellogenin in the plasma
of the chum salmon (reviewed in Ref. 49). It has been reported
that the levels of VLDL and LDL decrease sharply in pink
salmon during fasting, whereas that of HDL remains high even
after a very long period without eating (50). It is therefore
tempting to assume that HDL secreted from the muscle medi-
ates a direct transport of excess lipid and astaxanthin to the go-
nads, comparable to the transport of lipids from the liver to the
gonads that is mediated by vitellogenin and VLDL. 

Lipid regulatory proteins. We used immunocytochemical
staining with antibodies against PPARα and PPARβ to establish
whether the muscle cells expressed proteins known to regulate
lipid metabolism in mammals. Intense staining showed that both
proteins were expressed in the cell nuclei. This is the first time
these transcription factors have been shown to be present in
salmon muscle cells. Future studies will focus on the function of
these factors in fish muscle and the complex interrelationships of

the factors that influence cellular uptake and intracellular metab-
olism of FA. In addition, it will be interesting to determine the
mitochondrial and peroxisomal capacities for β-oxidation in
salmon muscle cells, considering their relative contribution to
total β-oxidation and their metabolic fuel preferences.

We have shown that salmon muscle cells differentiated in
primary culture are well suited as a model system for studies of
lipid metabolism in fish muscle. The muscle cells express lipid
regulatory transcription factors and exhibit a high FA oxidative
capacity. The major oxidation products are acetate and TCA-
cycle intermediates (ox-mal), whereas only low levels of ketone
bodies are produced.
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ABSTRACT: Podophyllotoxin is a well-known natural anti-
tumor agent with severe side effects, which led us to synthesize
its numerous analogs in search of product(s) of improved thera-
peutic potential. Here, we report an efficient method for the syn-
thesis of a series of 4-O-podophyllotoxin estolides with spectral
characteristics and their biological studies. The OH of a known
molecule, 4-O-podophyllotoxinyl 12-hydroxyl-octadec-Z-9-
enoate 2, was coupled with the carboxylic groups of different FA
with the help of dicyclohexylcarbodiimide and dimethyl
aminopyridine (catalyst) to produce high yields of their respective
C4α-estolides 3–11. Spectroscopic techniques, particularly 1H
and 13CNMR, proved to be suitable tools to characterize the new
compounds. These molecules of greater lipophilic character were
tested for their in vitro cytotoxicity against four human solid tu-
mors, one human leukemia cell, and one noncancerous cell.
Compounds 4–6 and 11 showed moderate antileukemic activity;
unexpectedly, none were found to be active against solid tumors.
Estolides were also investigated for their in vitro activity against
tubulin and topoisomerase II proteins. All the compounds showed
inhibition of the catalytic activity of topoisomerase II, whereas
6–8 also inhibited tubulin polymerization. These results suggest
the need for further screening of these molecules against a larger
panel of cancerous cells.

Paper no. L9503 in Lipids 39, 659–666 (July 2004).

Podophyllotoxin 1 is isolated from various plant species and is
particularly abundant in those of the genus Podophyllum (1). It
is one of the natural products widely known for its anticancer
activity (1,2). However, clinical use of 1 and its analogs is re-
stricted because of its severe side effects (3–5). Extensive
chemical modifications of the structure of 1 have resulted in
the development of glycosylated semisynthetic etoposide and
teniposide for clinical use to treat several cancers (4,6–8).
However, their aqueous solubility, bioavailability, metabolic

inactivation, drug resistance, and myelosuppression have lim-
ited their clinical applications (9,10). The recent research in
this area has focused mainly on the development of new
podophyllotoxin analogs with the aim of overcoming these dif-
ficulties. 

The progress of podophyllotoxins, from their early applica-
tions in folk medicine to the most recent chemical transforma-
tions, and their mechanism(s) of action, pharmacological po-
tential, and structure–activity relationships are remarkable
(1,10,11). However, the synthesis and possible therapeutic po-
tential of FA-based podophyllotoxin formulations have been
unexplored until recently, when Nagao et al. (12) first reported
the synthesis of such congeners and their strong activity against
P388 lymphocytic leukemia in mice. In a recent study, we
demonstrated the synthesis of new C4α-FA analogs of
podophyllotoxin and their in vitro cytotoxicity against a panel
of human cancerous and normal cell lines (13). Some of them
were as potent as the parent molecule against several tumor cell
lines, and a noticeable feature was their selective inhibition to-
ward cancerous cells. 

The potential of FA to reduce or eliminate the multidrug re-
sistance to cancers in humans or animals (14) and to prevent
the side effects of chemotherapy (15) is known from the litera-
ture. There is also evidence that submicron-sized lipid emul-
sions with lipophilic drugs entrapped in the oil core can act as
a novel drug carrier system with many potential applications
(16). The quest for improved clinical activity may be an impor-
tant stimulus for undertaking chemical and biological investiga-
tions of a variety of unusual FA derivatives of podophyllotoxin
as we search for chemotherapeutic agents for human cancers.
On the basis of these discoveries and considerations, we de-
signed a new series of C4α-estolide derivatives of podophyllo-
toxin (Scheme 1). The hydroxyl group at the 12-carbon of the
FA side chain in a previously reported (13) 4-O-podophyllo-
toxinyl 12-hydroxyl-octadec-Z-9-enoate1 2 molecule was ex-
ploited to incorporate further FA components to produce estolides
(dimers and trimers). The FA used in this study had different de-
grees of Z-unsaturated (C18, C20), terminal unsaturated (C11), sat-
urated (C20), and hydroxyl-Z-ene (C18) functionalities. In the
current study, we describe the method of synthesis and report the
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IR, 1H NMR, 13C NMR, and high-resolution MS data used to
establish the structures of this new class of relatively com-
plex C4α-estolides of podophyllotoxin. We also present the
findings of our evaluation of this series of compounds for
their in vitro effects against specific cancer cell lines, i.e., SK-
MEL, KB, BT-549, SK-OV-3 (human solid tumors) and HL-60
(human leukemia), and their action on tubulin and topoisom-
erase II.

MATERIALS AND METHODS
The method of synthesizing 4-O-podophyllotoxinyl 12-hy-
droxyl-octadec-Z-9-enoate 2, all the experimental procedures,
the sources of reagents, dicyclohexylcarbodiimide (DCC), di-
methyl aminopyridine (DMAP), FA, and podophyllotoxin were
similar to those reported previously (13).

Chemical procedures. (i) General method for the synthesis
of podophyllotoxin C4α-estolides 3–11 (dimers and trimers).
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SCHEME 1



To a solution of 4-O-podophyllotoxinyl 12-hydroxyl-octadec-
Z-9-enoate 2 (1 mmol) or 4-O-podophyllotoxinyl 12-(12′-hy-
droxyl-octadec-Z-9′-enacyloxy)octadec-Z-9-enoate 9 (1 mmol)
in dry methylene chloride (5 mL) were added an appropriate
FA (1 mmol) and a catalytic amount of DMAP under nitrogen
atmosphere; the reaction mixture was then stirred for 10 min at
room temperature. To this mixture was added DCC (1 mmol),
and the reaction was stirred further. The progress of the reac-
tion was monitored on a silica gel TLC plate, which showed
the formation of a single product in all reactions. The reaction
time for estolide-forming coupling reactions was recorded as 1
h. A white solid, dicyclohexylcarbonylurea, was removed by
filtration. The organic layer was concentrated under vacuum at
20°C. The crude semisolid product was purified by silica gel
flash column chromatography with n-hexane/ethyl acetate (1:1,
vol/vol) as eluent.

(ii) 4-O-Podophyllotoxinyl 12-(octadec-Z-9′-enacyloxy)-oc-
tadec-Z-9-enoate 3. Viscous, colorless oil; Rf = 1.0 (n-
hexane/ethyl acetate, 1:1 vol/vol, as developer), isolated yield,
99.5%. IR (CHCl3, cm–1): 1781, 1714, 1588, 1504, 1484, 1239,
1172, 1128, 1039, 990; 1H NMR (CDCl3, δH): 0.86 (t, J = 6.88
Hz, 6H), 1.31–1.26 (br m, 36H, 18CH2 of 2 × FA units), 1.53
(m, 2H), 1.60 (m, 2H), 1.60 (m, 2H), 1.99 (m, 6H), 2.28 (m,
4H), 2.42 (m, 2H), 2.81 (m, 1H), 2.90 (dd, J1,2 = 4.41 Hz, J2,3
= 14.50 Hz, 1H), 3.74 (s, 6H), 3.79 (s, 3H), 4.18 (t, J = 10.10
Hz, 1H), 4.34 (dd, J = 9.0 Hz, J = 7 Hz, 1H), 4.58 (d, J1,2 = 4.26
Hz, 1H), 4.87 (m, 1H), 5.32 (m, 3H), 5.45 (m, 1H), 5.87 (d, J3,4
= 9.1 Hz, 1H), 5.95 (d, J = 2.50 Hz, 1H), 5.96 (d, J = 2.50 Hz,
1H), 6.38 (s, 2H), 6.52 (s, 1H), 6.74 (s, 1H); 13C NMR (CDCl3,
δC): 14.43, 14.64, 20.93, 22.94, 25.38, 25.49, 25.73, 25.92,
26.01, 27.59, 27.70, 29.51, 29.57, 29.91, 29.97, 32.12, 32.39,
34.02, 34.75, 35.05, 39.17, 44.15, 45.97, 56.54, 61.10, 71.76,
73.80, 74.05, 101.97, 107.36, 108.60, 110.11, 124.81, 127.51,
128.12, 128.63, 128.67, 128.86, 130.63, 132.32, 132.78,
135.22, 137.65, 147.99, 148.50, 153.04, 173.89, 174.02,
174.55; electrospray ionization (ESI)-MS found [M + Na]+

981.6062; C58H86O11Na [M + Na]+ requires 981.60622.
(iii) 4-O-Podophyllotoxinyl 12-(octadec-Z-9′,12′-dienacyl-

oxy)octadec-Z-9-enoate 4. Viscous colorless oil; Rf = 1.0 (n-
hexane/ethyl acetate, 1:1 vol/vol, as developer), isolated yield,
99.5%. IR (CHCl3, cm–1): 1773, 1725, 1588, 1507, 1484, 1239,
1173, 1127, 1037, 998; 1H NMR (CDCl3, δH): 0.89 (m, 6H),
1.33–1.27 (br m, 30H, 15CH2 of 2 × FA units), 1.54 (m, 2H),
1.61 (m, 2H), 1.68 (m, 2H), 2.06 (m, 6H), 2.29 (m, 4H), 2.43
(m, 2H), 2.77 (m, 2H), 2.84 (m, 1H), 2.91 (dd, J1,2 = 4.42 Hz,
J2,3 = 14.52 Hz, 1H), 3.75 (s, 6H), 3.80 (s, 3H), 4.19 (t, J =
10.03 Hz, 1H), 4.35 (dd, J = 9.01 Hz, J = 7.18 Hz, 1H), 4.59
(d, J1,2 = 4.33 Hz, 1H), 4.88 (m, 1H), 5.40–5.32 (br m, 5H),
5.46 (m, 1H), 5.88 (d, J3,4 = 9.13 Hz, 1H), 5.96 (d, J = 2.51 Hz,
1H), 5.97 (d, J = 2.5 Hz, 1H), 6.40 (s, 2H), 6.53 (s, 1H), 6.75
(s, 1H); 13C NMR (CDCl3, δC): 14.40, 22.91, 25.37, 25.48,
25.71, 26.01, 27.56, 27.68, 29.50, 29.55, 29.70, 29.89, 29.97,
31.88, 32.10, 32.39, 34.02, 34.74, 35.04, 39.17, 44.16, 45.96,
56.54, 61.06, 71.73, 73.81, 74.04, 101.94, 107.35, 108.64,
109.99, 110.09, 124.81, 128.30, 128.43, 128.89, 130.39,
130.56, 132.75, 135.21, 137.71, 147.99, 148.50, 153.05,

173.82, 173.97, 174.51; ESI-MS found [M + Na]+ 979.5947;
C58H84O11Na [M + Na]+ requires 979.59052.

(iv) 4-O-Podophyllotoxinyl 12-(octadec-Z-9′,12′,15′-trien-
acyloxy)octadec-Z-9-enoate 5. Viscous colorless oil; Rf = 1.0
(n-hexane/ethyl acetate, 1:1 vol/vol, as developer), isolated
yield, 99%. IR (CHCl3, cm–1): 1769, 1729, 1588, 1484, 1239,
1178, 1127, 1037, 998; 1H NMR (CDCl3, δH): 0.88 (t, J = 7.06
Hz, 3H), 0.98 (t, J = 7.54 Hz, 3H), 1.33–1.27 (br m, 26H,
13CH2 of 2 × FA units), 1.60 (m, 2H), 1.65 (m, 2H), 1.68 (m,
2H), 2.05 (m, 4H), 2.28 (m, 4H), 2.42 (m, 2H), 2.85–2.80 (m,
5H), 2.92 (dd, J1,2 = 4.45 Hz, J2,3 = 14.52 Hz, 1H), 3.76 (s, 6H),
3.81 (s, 3H), 4.20 (t, J = 9.64 Hz, 1H), 4.36 (dd, J = 9.14 Hz,
J = 7.10, 1H), 4.61 (d, J1,2 = 4.34 Hz, 1H), 4.88 (m, 1H),
5.40–5.30 (m, 7H), 5.45 (m, 1H), 5.89 (d, J3,4 = 9.18 Hz, 1H),
5.98 (d, J = 2.51 Hz, 1H), 5.99 (d, J = 2.5 Hz, 1H), 6.40 (s, 2H),
6.54 (s, 1H), 6.75 (s, 1H); 13C NMR (CDCl3, δC): 14.47, 14.68,
20.93, 22.94, 25.38, 25.49, 25.73, 25.92, 26.01, 27.59, 27.70,
29.51, 29.57, 29.91, 29.97, 32.12, 32.39, 34.02, 34.75, 35.05,
39.17, 44.15, 45.97, 56.54, 61.10, 71.76, 73.80, 74.05, 101.97,
107.36, 108.60, 110.11, 124.81, 127.51, 128.12, 128.63,
128.67, 128.83, 130.65, 132.33, 132.72, 135.22, 137.65,
147.99, 148.50, 153.04, 173.89, 174.02, 174.55; EI-MS found
[M + Na]+ 977.5750; C58H82O11Na [M + Na]+ requires
977.57492.

(v) 4-O-Podophyllotoxinyl 12-(eicosa-Z-5′,8′,11′,14′-
tetraenacyloxy)octadec-Z-9-enoate 6. Viscous colorless oil; Rf
= 1.0 (n-hexane/ethyl acetate, 1:1 vol/vol, as developer), iso-
lated yield, 98.5%. IR (CHCl3, cm–1): 1779, 1729, 1588, 1504,
1463, 1239, 1173, 1127, 1038, 998; 1H NMR (CDCl3, δH): 0.88
(m, 6H), 1.38–1.27 (br m, 22H, 11CH2 of 2 × FA units), 1.54
(m, 2H), 1.70 (m, 4H), 2.06 (m, 4H), 2.11 (m, 2H), 2.30 (m,
4H), 2.44 (m, 2H), 2.86–2.81 (m, 7H), 2.92 (dd, J1,2 = 4.47 Hz,
J2,3 = 14.53 Hz, 1H), 3.77 (s, 6H), 3.82 (s, 3H), 4.21 (t, J = 9.63
Hz, 1H), 4.37 (dd, J = 9.11 Hz, J = 7.05 Hz, 1H), 4.61 (d, J1,2
= 4.39 Hz, 1H), 4.89 (m, 1H), 5.37–5.30 (br m, 9H), 5.47 (m,
1H), 5.90 (d, J3,4 = 9.18 Hz, 1H), 5.98 (d, J = 2.52 Hz, 1H),
5.99 (d, J = 2.52 Hz, 1H), 6.40 (s, 2H), 6.55 (s, 1H), 6.76 (s,
1H); 13C NMR (CDCl3, δC): 14.43, 22.95, 25.38, 25.74, 26.02,
27.03, 27.61, 27.71, 29.53, 29.58, 29.70, 29.91, 31.90, 32.11,
32.37, 34.02, 34.47, 34.76, 39.18, 44.16, 45.99, 56.56, 61.11,
71.76, 73.81, 74.19, 101.97, 107.37, 108.63, 110.12, 124.77,
127.94, 128.26, 128.58, 128.60, 128.87, 128.97, 129.16,
129.43, 130.86, 132.75, 132.81, 135.22, 137.68, 148.00,
148.51, 153.06, 173.64, 174.01, 174.55; EI-MS found [M +
H]+ 981.6094; C60H85O11 [M + H]+ requires 981.6092.

(vi) 4-O-Podophyllotoxinyl 12-(undec-10′-enacyloxy)-
octadec-Z-9-enoate 7. Viscous colorless oil; Rf = 1.0 (n-
hexane/ethyl acetate, 1:1 vol/vol, as developer), isolated yield,
99.5%. IR (CHCl3, cm–1): 1781, 1732, 1588, 1504, 1484, 1462,
1239, 1172, 1127, 1067, 998; 1H NMR (CDCl3, δH): 0.84 (t, J
= 6.82 Hz, 3H), 1.30–1.26 (br m, 26H, 13CH2 of 2 × FA units),
1.51 (m, 2H), 1.58 (m, 2H), 1.64 (m, 2H), 2.11 (m, 4H), 2.24
(m, 4H), 2.40 (m, 2H), 2.80 (m, 1H), 2.90 (dd, J1,2 = 4.40 Hz,
J2,3 = 14.54 Hz, 1H), 3.73 (s, 6H), 3.78 (s, 3H), 4.17 (t, J = 9.60
Hz, 1H), 4.33 (dd, J = 9.12 Hz, J = 7.10 Hz, 1H), 4.57 (d, J1,2
= 4.81 Hz, 1H), 4.98–4.85 (m, 3H), 5.34 (m, 1H), 5.44 (m, 1H),
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5.78 (m, 1H), 5.86 (d, J3,4 = 9.16 Hz, 1H), 5.95 (d, J = 2.51 Hz,
1H), 5.96 (d, J = 2.51 Hz, 1H), 6.36 (s, 2H), 6.51 (s, 1H), 6.72
(s, 1H); 13C NMR (CDCl3, δC): 14.45, 22.95, 25.38, 25.49,
25.73, 27.70, 29.27, 29.44, 29.52, 29.61, 29.69, 29.91, 32.13,
34.02, 34.16, 35.05, 39.16, 44.13, 45.94, 56.51, 61.11, 71.77,
73.78, 74.03, 101.98, 107.37, 108.50, 110.09, 114.53, 124.81,
128.83, 132.71, 132.79, 135.24, 137.54, 139.52, 147.97,
148.49, 153.01, 173.93, 174.04, 174.57; ESI-MS found [M +
Na]+ 883.4965; C51H72O11Na [M + Na]+ requires 883.4972.

(vii) 4-O-Podophyllotoxinyl 12-(eicosanacyloxy)octadec-Z-
9-enoate 8. Viscous colorless oil; Rf = 1.0 (n-hexane/ethyl ace-
tate, 1:1 vol/vol, as developer), isolated yield, 99.5%. IR
(CHCl3, cm–1): 1781, 1734, 1588, 1505, 1463, 1239, 1172,
1127, 1066, 998; 1H NMR (CDCl3, δH): 0.84 (t, J = 6.96 Hz,
6H), 1.30–1.23 (br m, 48H, 24CH2 in 2 × FA units), 1.51 (m,
2H), 1.56 (m, 2H), 1.65 (m, 2H), 2.01 (m, 2H), 2.25 (m, 4H),
2.38 (m, 2H), 2.79 (m, 1H), 2.87 (dd, J1,2 = 4.39 Hz, J2,3 =
14.53 Hz, 1H), 3.71 (s, 6H), 3.76 (s, 3H), 4.15 (t, J = 9.63 Hz,
1H), 4.32 (dd, J = 9.11 Hz, J = 7.03 Hz, 1H), 4.55 (d, J1,2 =
4.29Hz, 1H), 4.85 (m, 1H), 5.30 (m, 1H), 5.43 (m, 1H), 5.84 (d,
J3,4 = 9.10 Hz, 1H), 5.92 (d, J = 2.50 Hz, 1H), 5.94 (d, J = 2.50
Hz, 1H), 6.36 (s, 2H), 6.48 (s, 1H), 6.72 (s, 1H); 13C NMR
(CDCl3, δC): 14.39, 14.44, 22.91, 23.03, 25.34, 25.48, 25.70,
27.66, 29.49, 29.53, 29.65, 29.70, 29.85, 29.87, 29.97, 30.04,
32.10, 32.27, 32.37, 34.00, 34.69, 35.01, 39.13, 44.12, 45.85,
56.44, 60.98, 71.69, 73.77, 73.94, 101.93, 107.33, 108.55,
110.03, 124.80, 128.89, 132.71, 135.22, 137.59, 147.95,
148.45, 152.99, 173.77, 173.92, 174.41; ESI-MS found
[M + Na]+ 1011.6525; C60H92O11Na [M + Na]+ requires
1011.65312.

(viii) 4-O-Podophyllotoxinyl 12-(12′-hydroxyl-octadec-Z-
9′-enacyloxy)octadec-Z-9-enoate 9. Viscous colorless oil; Rf =
0.8 (n-hexane/ethyl acetate, 1:1 vol/vol, as developer), isolated
yield, 98%. IR (CHCl3, cm–1): 3532, 1781, 1732, 1588, 1484,
1463, 1239, 1169, 1128, 1038, 1003; 1H NMR (CDCl3, δH):
0.88 (m, 6H), 1.33–1.27 (br m, 32H, 16CH2 of 2 × FA units),
1.46 (m, 2H), 1.54 (m, 2H), 1.60 (m, 2H), 1.66 (m, 2H), 2.04
(m, 4H), 2.21 (m, 2H), 2.27 (m, 4H), 2.43 (m, 2H), 2.82 (m,
1H), 2.93 (dd, J1,2 = 4.38 Hz, J2,3 = 14.52 Hz, 1H), 3.61 (m,
1H), 3.76 (s, 6H), 3.81 (s, 3H), 4.19 (t, J = 9.63 Hz, 1H), 4.35
(dd, J = 9.01 Hz, J = 7.01 Hz, 1H), 4.60 (d, J1,2 = 4.22 Hz,1H),
4.88 (m, 1H), 5.57–5.31 (br m, 4H), 5.89 (d, J3,4 = 9.15 Hz,
1H), 5.97 (d, J = 2.53 Hz, 1H), 5.98 (d, J = 2.53 Hz, 1H), 6.40
(s, 2H), 6.54 (s, 1H), 6.75 (s, 1H); 13C NMR (CDCl3, δC):
14.41, 22.92, 22.97, 25.37, 25.46, 25.71, 26.07, 27.69, 27.76,
29.49, 29.71, 29.90, 29.97, 32.10, 32.20, 32.39, 34.02, 34.75,
35.03, 35.77, 37.26, 39.18, 44.16, 45.98, 56.56, 61.08, 71.74,
71.87, 73.81, 74.06, 101.95, 107.36, 108.70, 110.11, 124.82,
125.67, 128.88, 132.76, 133.55, 135.20, 147.99, 148.51,
153.06, 173.86, 173.97, 174.53; ESI-MS found [M + H]+

976.6261; C58H88 O12 [M + H]+ requires 976.6275.
(ix) 4-O-Podophyllotoxinyl 12-[12′(12′′-hydroxyl-octadec-

Z-9′′-enacyloxy)octadec-Z-9′-enacyloxy]octadec-Z-9-enoate
10. Viscous colorless oil; Rf = 0.85 (n-hexane/ethyl acetate, 1:1
vol/vol, as developer), isolated yield, 98%. IR (CHCl3, cm–1):
3552, 1781, 1731, 1588, 1484, 1239, 1186, 1128, 1039, 1001;

1H NMR (CDCl3, δH): 0.88 (m, 9H), 1.33–1.27 (br m, 54H,
27CH2 of 3 × FA units), 1.46 (m, 2H), 1.54 (m, 2H), 1.61 (m,
2H), 1.67 (m, 2H), 2.04 (m, 4H), 2.21 (m, 2H), 2.30 (m, 8H),
2.41 (m, 2H), 2.83 (m, 1H), 2.93 (i, J1,2 = 4.39 Hz, J2,3 = 14.52
Hz, 1H), 3.61 (m, 1H), 3.76 (s, 6H), 3.83 (s, 3H), 4.19 (t, J =
10.13 Hz, 1H), 4.35 (dd, J = 9.10 Hz, J = 7.03 Hz, 1H), 4.60
(d, J1,2 = 4.28 Hz, 1H), 4.88 (m, 2H), 5.72–5.30 (br m, 6H),
5.89 (d, J3,4 = 9.15 Hz, 1H), 5.97 (d, J = 2.52 Hz, 1H), 5.98 (d,
J = 2.52 Hz, 1H), 6.40 (s, 2H), 6.54 (s, 1H), 6.75 (s, 1H); 13C
NMR (CDCl3, δC): 14.41, 22.92, 22.97, 25.37, 25.47, 25.71,
26.07, 27.71, 27.76, 29.52, 29.72, 29.91, 29.97, 32.10, 32.20,
32.39, 34.03, 34.74, 35.03, 35.77, 37.27, 39.18, 44.17, 45.98,
56.56, 61.07, 71.73, 71.86, 73.81, 74.05, 101.94, 107.35,
108.71, 110.10, 124.74, 124.81, 125.67, 128.89, 132.75,
132.85, 133.53, 135.20, 147.99, 148.50, 153.06, 173.82,
173.95, 174.50; ESI-MS found [M + Na]+ 1277.8404;
C76H118O14Na [M + Na]+ requires 1277.8419.

(x) 4-O-Podophyllotoxinyl 12-[12′(octadec-Z-9′′,12′′-dien-
acyloxy)octadec-Z-9′-enacyloxy]octadec-Z-9-enoate 11. Vis-
cous colorless oil; Rf = 1.0 (n-hexane/ethyl acetate, 1:1 vol/vol,
as developer), isolated yield, 99.5%. IR (CHCl3, cm–1): 1781,
1738, 1588, 1505, 1463, 1339, 1173, 1128, 1039, 1005; 1H
NMR (CDCl3, δH): 0.88 (m, 9H), 1.36–1.27 (br m, 50H, 25CH2
of 3 × FA units), 1.54 (m, 2H), 1.61 (m, 2H), 1.68 (m, 2H), 2.04
(m, 10H), 2.28 (m, 6H), 2.34 (m, 2H), 2.43 (m, 2H), 2.77 (m,
2H), 2.83 (m, 1H), 2.93 (dd, J1,2 = 4.26 Hz, J2,3 = 14.52 Hz,
1H), 4.20 (t, J = 9.98 Hz, 1H), 4.36 (dd, J = 9.13 Hz, J = 7.03
Hz, 1H), 4.60 (d, J1,2 = 4.20 Hz, 1H), 4.88 (m, 2H), 5.39–5.30
(br m, 6H), 5.48–5.43 (m, 2H), 5.89 (d, J3,4 = 9.10 Hz, 1H),
5.97 (d, J = 2.51 Hz, 1H), 5.99 (d, J = 2.51 Hz, 1H), 6.40 (s,
2H), 6.54 (s, 1H), 6.75 (s, 1H); 13C NMR (CDCl3, δC): 14.43,
22.94, 25.38, 25.49, 25.72, 26.02, 27.58, 27.72, 29.52, 29.57,
29.72, 29.93, 29.99, 31.90, 32.12, 32.39, 34.02, 34.20, 34.75,
35.05, 39.18, 44.15, 45.98, 56.54, 61.10, 71.76, 73.81, 74.07,
101.96, 107.36, 108.61, 110.11, 124.74, 124.80, 128.30,
128.43, 128.86, 130.41, 130.57, 132.77, 132.87, 135.22,
137.66, 147.99, 148.51, 153.05, 173.90, 174.03, 174.56; ESI-
MS found [M + Na]+ 1259.8275; C76H116O13Na [M + Na]+ re-
quires 1259.83072.

Biological. (i) Assay for anticancer activity. Compounds
3–11 (in the concentration range of 0.04 to 10 µM) were tested
for their in vitro cytotoxicity against a panel of human cancer
cell lines including SK-MEL (malignant, melanoma), KB (epi-
dermal carcinoma, oral), BT-549 (ductal carcinoma, breast),
SK-OV-3 (ovary carcinoma), and HL-60 (human leukemia) as
well as noncancerous VERO cells (African green monkey kid-
ney fibroblast) using procedures identical to those described
previously (13). Cell viability was determined after exposing
the cells to the test compounds for 48 h, either by the Trypan
Blue exclusion method for HL-60 cells or by the Neutral Red
assay for all other cells. 

(ii) Assay for microtubule polymerization. The assay for mi-
crotubule polymerization was performed in Corning Costar 96-
well plates using a CytoDYNAMIX Screen from Cytoskeleton
Inc. (Denver, CO). The bovine brain tubulin used in the assay
contained 90% tubulin and 10% microtubule-associated pro-

662 JAMAL MUSTAFA ET AL.

Lipids, Vol. 39, no. 7 (2004)

 



teins. The lyophilized tubulin was reconstituted to 2 mg/mL in
G-PEM buffer consisting of 80 mM of PIPES sequisodium salt,
2 mM of MgCl2, 0.5 mM of EGTA, and 1 mM of GTP, pH 6.9.
When 100 µL of reconstituted tubulin was pipetted to a pre-
warmed well of the plate, it polymerized efficiently at 37°C.
Tubulin polymerization was detected by measuring the in-
crease in absorbance at 340 nm for 30 min on a Bio-Tek Pow-
erwaveXS plate reader (Bio-Tek, Winooski, VT). Taxol (10
µM) and nocodazole (10 µM) were included as known ligands
(stabilizer and inhibitor, respectively) for tubulin polymeriza-
tion. Compounds 3–11 were tested at a concentration of 25 µM
using a stock of 5 mM in DMSO. The final DMSO concentra-
tion was 0.5% in the assay and did not affect the rate of tubulin
assembly.

(iii) Assay for topoisomerase II activity. Measurement of the
catalytic activity of topoisomerase II was based on the conver-
sion of kDNA to decatenated kDNA. kDNA and purified
human topoisomerase II were purchased from TopoGEN, Inc.
(Columbus, OH). The assay was performed in a total volume
of 20 µL containing 250 ng of kDNA, the test sample (2–50
µM), and 2 units of topoisomerase II in the assay buffer (50
mM of TrisCl, pH 8.0, 120 mM of KCl, 10 mM of MgCl2, 0.5
mM of ATP, 0.5 mM of dithiothreitol, and 30 µg of BSA/mL).
The assay mixture was incubated at 37°C for 30 min, and the
reaction was terminated by the addition of 1/5 vol of 5× stop
buffer (5% sarkosyl, 0.025% bromophenol blue, 25% glyc-
erol). DNA was analyzed by electrophoresis on agarose gel
(1%) in TAE buffer (40 mM of Tris acetate, 2 mM of EDTA,
pH 8.5). After staining with ethidium bromide, the gel was an-
alyzed on a Gel Doc system (BioRad, Hercules, CA) for quan-
tification of DNA. Enzyme activity was measured in terms of
the percentage of substrate kDNA converted to product (de-
catenated kDNA). The concentration of the test compound that
prevented 50% of the substrate from being converted to the
product (IC50) was calculated.

RESULTS AND DISCUSSION 

To date, no reports have described the synthesis of podophyllo-
toxin derivatives bearing an estolide moiety. Estolides may be
better drug carrier systems because of their higher lipophilic
character (16,17). Encouraged by our recent findings (13) in
which we described the selective anticancer activity of C4α-
FA derivatives of podophyllotoxin, here we describe the syn-
thesis of a series of C4α-estolides (Scheme 1). Estolides are a
group of FA polyesters resulting from ester bond formation be-
tween the oxygen of a hydroxyl group of one FA and the car-
bonyl carbon of the terminal carboxylic group of another FA. 

Synthetic methodology is based on the coupling of the hy-
droxyl function (12C-OH) present in the FA side chain of 4-O-
podophyllotoxinyl 12-hydroxyl-octadec-Z-9-enoate 2 with the
terminal carboxylic group of different FA to form various 4-O-
podophyllotoxinyl estolides. Quantitative formation of es-
tolides is achieved with the help of DCC as a coupling reagent
and DMAP as a catalyst. The FA used in these reactions are oc-
tadec-Z-9-enoic, octadec-Z-9,11-dienoic, octadec-Z-9,12,15-

trienoic, eicosa-Z-5,8,11,14-tetraenoic, 10-undecynoic, eicosa-
noic, and 12-hydroxyl-octadec-Z-9-enoic acids, to produce
compounds 3, 4, 5, 6, 7, 8, and 9, respectively (Scheme 1). 

Further, 12′C-OH in the second FA unit of 9 was used to in-
troduce a third FA unit as 12-hydroxy-octadec-Z-9-enoic and
octadec-Z-9,12-dienoic acids under similar reaction conditions
to furnish quantitative yields of compounds 10 and 11, respec-
tively (Scheme 1). 

Compound 10 was detected as a minor product (–2%) in the
coupling reaction of 2 with 12-hydroxyl-octadec-Z-9-enoic
acid, the formation of which was completely suppressed when
the reaction was conducted at –78°C for 90 min. During the
preparation of 10, a minor amount of a product was detected
that contained four similar FA units bonded with three estolide
bonds. This observation indicates the suitability of this method
to form higher estolides. 

The numbering system for 1 (Scheme 1) was used, which is
widely in practice (1,10,11) and which we have already reported
(13). The nature of bonds present between the podophyllotoxin
nuclei and FA units are as follows: compounds 3–9: an ester
bond (podophyllotoxin C4α → 1C FA) and an estolide bond
(12C FA → 1′C FA); compounds 10 and 11: an ester bond
(podophyllotoxin C4α → 1C FA) and two estolide bonds (12C
FA → 1′C FA; 12′C FA → 1″C FA). The second FA unit in
each of the estolide derivatives 3–9 differs in its chemical com-
position; they are as follows: the Z-monoene (18:1, ∆9′) in 3;
the Z-diene (18:2, ∆9′,12′) in 4; the Z-triene (18:3, ∆9′,12′,15′) in
5; the Z-tetraene (20:4, ∆5′,8′,11′,14′) in 6; the terminal olefin
(11:1) in 7; the saturated (20:0) in 8; and the hydroxyl-Z-ene
(18:1, 12′C-OH, ∆9′) in 9. Estolides 10 and 11 were structurally
identical up to the first two FA units, but their third FA unit was
formulated by hydroxyl-Z-ene (18:1, 12″C-OH, ∆9″) and Z-
diene (18:2, ∆9″,12″), respectively. 

The stereochemistry of all three stereogenic centers at which
coupling reactions occurred—C-4 (podophyllotoxin), C-12
(first FA unit), and C-12′ (second FA unit)—were retained. The
main factor for the retention of a configuration was the non-
cleavage of bonds at any of the three stereogenic centers, as re-
vealed by the reaction mechanism. A similar observation was
reported previously (13). The stereogenic carbon (C-12) of 12-
hydroxyl-octadec-Z-9-enoate had an R-configuration (18). 

The IR spectrum of 6 displayed two carbonyl bands at 1779
and 1729 cm–1. The 13C NMR spectrum illustrated three struc-
ture-revealing signals at δC 173.64, 174.01, and 174.55, which
characterized the presence of three carbonyl groups. The sig-
nals at δC 174.01 and 174.55 were readily assigned to one ester
carbonyl (1-C) of 12-hydroxyl-octadec-Z-9-enoate as the first
FA unit and one estolide carbonyl (1′-C) of eicosa-Z-5,8,11,14-
tetraenoate as the second FA unit. The remaining signal at δC
173.64 was for the lactone carbonyl in the D ring of the
podophyllotoxin nuclei. The formation of an estolide bond at
12-C of the first FA unit to link it with the carboxylic (1′-C)
group of the second FA unit exerted significant downfield
chemical shifts to 12-H (δH 4.89, m) and 12-C (δC 73.81) sig-
nals. A broad multiplet for nine olefin protons (9-H, 5′/6′-H,
8′/9′-H, 11′/12′-H, 14′/15′-H) appeared in the olefinic region at
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δH 5.37–5.30, which was correlated with eight carbons of the
second FA unit at δC 127.94, 128.26, 128.58, 128.60, 128.97,
129.16, 129.43, 130.86 (5′/6′-C, 8′/9′-C, 11′/12′-C, 14′/15′-C)
in addition to 9-C of the first unit at 124.77. The remaining
first-unit olefinic proton (10-H) and carbon (10-C) resonated at
δH 5.47 (m) and δC 132.81. A broad multiplet at δH 2.86–2.81
(7H) was assigned to three methylene-group protons (7′-CH2,
10′-CH2, 13′-CH2), which were flanked by four sets of Z-
olefins in the second FA unit and 3-H (podophyllotoxin), and
carbon correlations appeared at δC 25.38, 25.74, 26.02 (7′-C,
10′-C, 13′-C), and 45.99 (3-C, podophyllotoxin). The proton
and carbon signals for two terminal methyl (18-CH3, 20′-CH3)
groups of both FA units were merged to record at δH 0.88 (m,
6H) and δC 14.43 (2 × C, 18-C, 20′-C). Signals associated with
11-CH2 and 11-C of the first FA unit were distinguished at δH
2.44 (m) and δC 34.47. Carbon signals arising from 2-C and 2′-C
from two FA units were recorded at δC 34.76 and 34.02 with a
correlation at δH 2.30 (m, 4H, 2-CH2, 2′-CH2). The proton and
carbon signals related to the A, B, C, D, and E rings in the
podophyllotoxin structure were recorded as (i) a five-member
A ring: O-CH2-O, with each of the two protons split into two
separate doublets: δH 5.98 (J = 2.52 Hz) and 5.99 (J = 2.52 Hz),
δC 101.97 (O–C–O); (ii) an aromatic B ring: δH 6.76 (s, 5-H),
δC 107.37 (5-C); δH 6.55 (s, 8-H), δC 110.12 (8-C); (iii) a cy-
clohexyl C ring: δH 4.61 (d, J1,2= 4.39 Hz, 1-H), δC 44.16 (1-C);
δH 2.92 (dd, J1,2 = 4.47 Hz, J2,3 = 14.53 Hz, 2-H), δC 39.18
(2-C); δH 5.90 (d, J3,4 = 9.18 Hz, 4-H), δC 74.19 (4-C); (iv) a
lactone D ring: each of the two methylene protons (11-CH2)
was split into two separate signals: δH 4.21 (t, J = 9.63 Hz) and
4.37 (dd, J = 9.11 Hz, J = 7.05 Hz), δC 71.76 (11-C); and (v) a
pendant 3′,4′,5′-trimethoxy aromatic E ring: δH 6.40 (s, 2′-H,
6′-H), δC 108.63 (2′-C, 6′-C); δH 3.77 (s, 3′OCH3, 5′OCH3),
δC 56.56 (3′-C, 5′-C); 4′OCH3, δH 3.82 (s, 4′OCH3), δC 61.11
(4′-C). 

A characteristic feature of podophyllotoxin and its analogs
was that the 2′,6′ protons and the 3′,5′ methoxy protons, even
at 500 MHz, gave rise to single resonance peaks.

Carbon signals of three Z-olefinic groups (9′/10′-C, 12′/13′-
C, 15′/16′-C) in the second FA unit of compound 5 were ob-
served at δC 127.51, 128.12, 128.63, 128.67, 130.65, 132.33
and were correlated for protons (9′/10′-H, 12′/13′-H, 15′/16′-
H) at δH 5.40–5.30 (br m). Two Z-olefinic protons and carbons
of the first unit were assigned at δH 5.40–5.30 (br m, 9-H), δC
124.81 (9-C), and δH 5.45 (m, 10-H), 132.72 (10-C). Protons
of two methylene groups (11′-CH2, 14′-CH2) interrupting the
three olefin functionalities of the second FA unit and 3-H
(podophyllotoxin) were distinguished at δH 2.85–2.80 (m) with
correlations at δC 25.38, 25.73 (11′-C, 14′-C), and 45.97 (3-C).
A striking feature of the NMR spectra was the splitting of both
the proton and carbon signals of 18-CH3 and 18′-CH3, which
appeared at δH 0.88 (t, J = 7.06 Hz, 18-CH3), δC 14.47 (18-C)
and 0.98 (t, J = 7.54 Hz, 18′-CH3), 14.68 (18′-C). The deshield-
ing effect on 18′CH3 by a double bond at 15′/16′-C resulted in
the downfield shift of its proton and carbon signals. The
olefinic signals of 4 were absorbed at δH 5.40–5.32 (5H, m,
9-H, 9′/10′-H, 12′/13′-H), 5.46 (m, 10-H); δC 124.81 (9-C),

128.30, 128.43, 130.39, 130.56 (9′/10′-C, 12′/13′-C), 132.75
(10-C). Proton signals originating from 3-H (δH 2.84, m, δC
45.96, 3-C) in the C ring of the podophyllotoxin nuclei and 11′-
CH2 (δH 2.77, m, δC 25.71,11′-C) were absorbed separately be-
cause there was less crowding of the methylene proton signals
around δH 2.84–2.77. Interestingly, two triplets arising from
18-CH3 and 18′-CH3 in 3 overlapped so accurately that they
produced a sharp triplet at δH 0.86 (6H, J = 6.88 Hz), but their
carbon signals showed different chemical shifts at δC 14.43 and
14.64. A similar observation was noticed even for 8, which
contained FA units of different carbon chain lengths.

The FA units of compound 9 were identical. The structure
establishing NMR signals were (i) one hydroxyl group: δH 3.61
(m, 12′-H), δC 71.87 (12′-C); (ii) two Z-double bond signals:
δH 5.57–5.31 (4H, br m, 9/10-H, 9′/10′-H), δC 124.82, 125.67,
128.88, 132.76 (9/10-C, 9′/10′-C), (iii) IR: 3532 cm–1 (OH).
The estolide part of 10 was constituted with three units of 12-
hydroxy-octadec-9-Z-enoic acid. The structures contributing
significant NMR signals were: δC 174.50, 173.95 (ester and es-
tolide carbonyls), 173.82 (2 × C=O, estolide and lactone car-
bonyls); one hydroxyl group: δH 3.61 (m, 12″-H), δC 71.73
(12″-C); two estolide bond signals: δH 4.88 (m, 12-H, 12′-H),
δC 74.05 (12-C, 12′-C); three Z-double bond signals: δH
5.72–5.30 (br m, 9/10-H, 9′/10′-H, 9″/10″-H), δC 124.74,
124.81, 125.67, 128.89, 132.75, 132.85 (9/10-C, 9′/10′-C,
9″/10″-C); IR: 3552 cm–1 (OH). Compound 11 differed from
10 in its third unit, which was a Z-9″,12″-diene C18 FA. Struc-
tural characteristic signals were exhibited as δC 174.56, 174.03
(ester and estolide carbonyls), 173.90 (2 × C=O, estolide and
lactone carbonyls); two estolide bond signals: δH 4.88 (m, 12-H,
12′-H), δC 74.07 (12-C, 12′-C); four Z-double bond signals:
5.39–5.30 (br m, 9-H, 9′-H, 9″/10″-H, 12″/13″-H), δC 124.74,
124.80, 128.30, 128.43, 130.41, 130.57 (9-C, 9′-C, 9″/10″-C,
12″/13″-C), and δH 5.48–5.43 (m, 10-H, 10′-H), δC 132.77,
132.87 (10-C, 10′-C).

Present spectral studies have demonstrated that the presence
of either estolide or mono-FA (13,19) moieties at αC4 have no
appreciable impact on the pattern of NMR signals of podophyl-
lotoxin nuclei.

Biological activity. 4-O-Podophyllotoxin estolides 3–11
were assayed in vitro against four human solid tumor cell lines
(SK-MEL, KB, BT-549, and SK-OV-3) and one human
leukemia cell line (HL-60) as well as a noncancerous VERO
cell culture (Table 1). Compound 2 possessed one FA chain and
showed uniform in vitro antitumor activity against the above
cell lines (13). The increase in the lipophilicity of 2 by incorpo-
rating a second FA unit (3–9) and a third FA unit (10, 11) unex-
pectedly led to a loss of the growth inhibition activity of the new
molecules against four solid tumor cells. Compounds 4, 5, 6,
and 11 were effective against leukemia cells (HL-60), although
their growth suppression activity was lower than both podophyl-
lotoxin, 1, and their immediate precursor, 2 (13). Active mole-
cules shared structural similarities by possessing PUFA with
methylene-interrupted Z-unsaturated functionalities in their es-
tolide part. Earlier studies on 4-O-podophyllotoxinyl analogs
(monoesters of methylene-interrupted Z-unsaturation) revealed
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greater antileukemic activities both in vivo (12) and in vitro (13).
Podophyllotoxin derivatives with one PUFA chain at αC4
showed greater in vitro anticancer activity against a panel of
cancer cell lines (13), whereas PUFA estolides against similar
cell lines moderately inhibited leukemia (HL-60) cells and
showed no inhibition against solid tumors. The estolides were
nontoxic to the VERO cells.

Efforts were also directed at studying the in vitro interaction
of 4-O-podophyllotoxin estolides 3–11 with tubulin (Fig. 1)
and DNA topoisomerase II to understand their possible mecha-
nisms of action. This is the first study of its type to investigate
FA-derived podophyllotoxin derivatives. 

The mechanism by which podophyllotoxin 1 blocks cell di-
vision was related to its inhibition of the microtubule assembly
in the mitotic apparatus (1,20). Compounds 6–8 strongly inhib-
ited tubulin polymerization to the same extent as 1 and resem-
bled the reference compound nocodazole (Fig. 1). A significant,
dose-dependent inhibition was observed in the concentration
range of 12.5 to 50 µM. Representative data for a 25 µM con-
centration range is shown in Figure 1. Compound 2 did not affect
tubulin polymerization and remained inactive.

Although 1 was not active toward topoisomerase II, com-
pound 2 inhibited topoisomerase II with an IC50 of 17 µM. In-
terestingly, analogs 3–6 and 8–11 also inhibited the in vitro cat-
alytic activity of topoisomerase II, with IC50 ranging from 3 to
32 µM. Analogs 4, 5, 6, and 9 were found to be more active
(with IC50 of 7.30, 3.10, 9.20, and 7.20 µM, respectively) than
analogs 3, 8, 10, and 11 (with IC50 of 18.80, 30.0, 32.0, and
20.20, respectively). Cleavage complex stabilization activity
was not detected for any of the compounds with the topoisom-
erase II enzyme. Inhibition of the catalytic activity of topo-
isomerase II has been associated with the intercalating property
of several molecules. Compounds of the epipodophyllotoxin
(βC4) series are potent inhibitors of topoisomerase II (21).
Hence, the intercalation by C4α-estolides seems to be a signifi-
cant biological observation. Antitumor aromatic agents carry-
ing a side chain are found as topoisomerase II intercalators

(21). Conformational investigations of PUFA possessing the
estolide derivatives 3–11 may explain whether the presence of
PUFA in the side chains of estolide moieties somehow partici-
pates in forming an intercalating chromophore to intercalate
DNA. The antileukemic activity of compounds 4–6 and 11 can
be correlated with their inhibition of topoisomerase II.

The observation that 6 and 8 (αC4) are dual inhibitors of
topoisomerase II (catalytic activity) and tubulin polymeriza-
tion is noteworthy because only a few etoposide (βC4) deriva-
tives have been reported for such behavior (20).

Although the inhibition of tumor cell growth by podophyl-
lotoxin and its analogs is correlated with their activity against
either tubulin or topoisomerase II, in the present investigation
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TABLE 1 
Cytotoxicity of Compounds 3–11 in a Panel of Cell Linesa

Cell lines (IC50 µM)

Compoundb SK-MEL KB BT549 SK-OV3 HL-60 VERO

1* 0.22 0.24 0.36 0.19 0.01 0.55
2* 0.21 0.31 0.22 0.26 0.07 NA
3 NA NA NA NA NA NA
4 NA NA NA NA 3.45 NA
5 NA NA NA NA 4.08 NA
6 NA NA NA NA 3.77 NA
7 NA NA NA NA NA NA
8 NA NA NA NA NA NA
9 NA NA NA NA NA NA

10 NA NA NA NA NA NA
11 NA NA NA NA 1.21 NA
aThe highest concentration tested was 10 µM. Values are means of two observations. NA, not active;
SK-MEL, human malignant melanoma; KB, human epidermal carcinoma; BT549, ductal breast carci-
noma; SK-OV3, human ovary carcinoma; HL-60, human leukemia; VERO, monkey kidney fibro-
blast. 
bAn asterisk (*) indicates values from Reference 13.

FIG. 1. Inhibition of in vitro microtubulin polymerization by com-
pounds 1, 6, 7, and 8 at a concentration of 25 µM. The assay was done
in duplicate for concentration ranges of 12.5–50 µM, and the represen-
tative time curves for 25 µM of test compounds are shown here. Nocod-
azole at 10 µM was included in the assay as a positive control.



we discovered an apparent lack of such a correlation. This re-
sult might be because the biochemical assays were performed
with the isolated enzyme topoisomerase II and tubulin. The ef-
fects may not be the same with living cells. Additional factors
such as cellular uptake, metabolism, and the involvement of
other target molecules may exert significant effects and cannot
be excluded. Previously, the absence of such a correlation was
reported for podophyllotoxin derivatives (21). The cell-based
assay to determine the cytotoxicity of 4-O-podophyllotoxin es-
tolides 3–11 examined in this report was also limited to only a
few cancer cells. It will be worthwhile to test them in a variety
of cancer cell lines to further investigate their anticancer poten-
tial.

In conclusion, we demonstrated for the first time an efficient
and high-yielding stepwise synthetic method for the prepara-
tion of a series of 4-O-podophyllotoxin estolides. Their struc-
tures were determined by a combination of spectral data, par-
ticularly 1H and 13C NMR values. When these estolides were
tested for their in vitro cytotoxicity, some exhibited moderate
antileukemic potency against the HL-60 cell line but had no
potency against the four solid tumors. Our preliminary investi-
gations of in vitro anticancer bioassays and the inhibition of
tubulin and topoisomerase II suggest that these molecules are
attractive and that they require further biological profiling in a
wide array of cancer cell cultures to explore their possible anti-
tumor potential. Since this is the first study targeting different
molecular components, such as tubulin and topoisomerase II,
by FA derivatives of podophyllotoxin, further biochemical
work is required to develop a better understanding of their
mode of action and structure–activity relationships.
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ABSTRACT: Two antibacterial and xanthine oxidase inhibitory
cerebrosides, one of which is chemically new, were characterized
from the chloroform–methanol (1:1) extract of Fusarium sp.
IFB-121, an endophytic fungus in Quercus variabilis. By means
of chemical and spectral methods [IR, electrospray ionization MS
(ESI-MS), tandem ESI-MS, 1H and 13C NMR, distortionless en-
hancement by polarization transfer, COSY, heteronuclear multi-
ple-quantum coherence, heteronuclear multiple-bond correlation,
and 2-D nuclear Overhauser effect correlation spectroscopy], the
structure of the new metabolite named fusaruside was established
as (2S,2′R,3R,3′E,4E,8E,10E)-1-O-β-D-glucopyranosyl-2-N-(2′-
hydroxy-3′-octadecenoyl)-3-hydroxy-9-methyl-4,8,10-sphingatrien-
ine, and the structure of the other was identified as (2S,2′R,
3R,3′E,4E,8E)-1-O-β-D-glucopyranosyl-2-N-(2′-hydroxy-3′-octade-
cenoyl)-3-hydroxy-9-methyl-4,8-sphingadienine. Both new and
known cerebrosides, although inactive to Trichophyton rubrum
and Candida albicans, showed strong antibacterial activities
against Bacillus subtilis, Escherichia coli, and Pseudomonas fluo-
rescens, with their minimum inhibitory concentrations being 3.9,
3.9, and 1.9 µg/mL, and 7.8, 3.9, and 7.8 µg/mL, respectively.
Furthermore, both metabolites were inhibitory to xanthine oxi-
dase, with the IC50 value of fusaruside being 43.8 ± 3.6 µM and
the known cerebroside being 55.5 ± 1.8 µM.

Paper no. L9513 in Lipids 39, 667–673 (July 2004).

Cerebrosides, a group of glycosphingolipids, are essential com-
ponents of a wide variety of tissues and organs in biological
systems. Chemically, cerebrosides are composed of a hexose
and a ceramide moiety usually consisting of a long-chain
amino alcohol, trivially called a “sphingoid base” (i.e., a sphin-
gosine or sphingol), and an amide-linked long-chain FA. Bio-
logically, cerebrosides are ascertained to be structural support
and textural determinants of cell membranes and to act, most
likely through protein binding, as mediators of biological
events such as activation, cell agglutination, intracellular com-
munication, and cell development. Moreover, the cerebrosides

play significant or even essential biological roles in cellular
membranes as cell surface antigens and receptors. In particu-
lar, an increasing amount of evidence has indicated that cere-
brosides perform a wide range of biological functions, all being
potentially related to the common amphipathic and/or iono-
phoretic nature of this type of molecule (1).

As a continuation of our characterization of chemically new
and/or bioactive constituents from various endophytic fungi
(2–5), our attention was extended to cerebroside constituents
that are usually abundant in fungal cells (6). Our co-bioassays
with antibacterial and xanthine oxidase (XO) inhibitory tests
demonstrated that the chloroform–methanol (1:1) extract from
the culture of Fusarium sp., an endophytic fungus in Quercus
variabilis Bl., was substantially bioactive. We therefore
launched a project aimed at characterizing the active princi-
ple(s) it produces. This communication deals with our chemi-
cal and biological results regarding the two active cerebrosides
afforded, cerebroside 1 and fusaruside 2 (Scheme 1), the latter
being new. 

EXPERIMENTAL PROCEDURES

Chromatographic and instrumental methods. IR spectra were
obtained on a Nexus 870 FTIR spectrograph (Nicolet, Madi-
son, WI) with a KBr wafer, and optical rotations were recorded
on a Jasco DIP-181 polarimeter (JASCO, Tokyo, Japan). EI-MS
spectra were taken on a VG-ZAB-HS mass spectrometer (Micro-
mass, Manchester, United Kingdom) with the ionization en-
ergy at 70 eV and an accelerated pressure at 8000 V. Tandem
ESI-MS (ESI-MS/MS) experiments were performed in the pos-
itive ion mode on an LCQ (Finnigan, San Jose, CA) spectrom-
eter with a 4.5-kV source voltage and a 40-sheath gas flow rate,
and high-resolution ESI-MS (HR-ESI-MS) was performed on
a Mariner System 5304 instrument (Applied Biosystems, Fos-
ter City, CA). A m/z range of 200–1800 was scanned at a capil-
lary temperature of 200°C for each quadrupole record. All
NMR experiments were performed at 298 K on a Bruker DRX
500 spectrometer (Bruker, Karlsruhe, Germany) in DMSO-d6
with 1H and 13C nuclei observed at 500 and 125 MHz, respec-
tively. The chemical shifts were given in ppm (δ) relative to the
internal standard, tetramethylsilane, with coupling constants
(J) in Hz. Unequivocal assignment of all 1H and 13C signals
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was realized through a combination of 2-D NMR techniques
including COSY, 2-D nuclear Overhauser effect correlation
spectroscopy (NOESY), heteronuclear multiple-quantum co-
herence (HMQC), and heteronuclear multiple-bond correlation
(HMBC) experiments. 

Materials. Si-gel (200–300 mesh) was produced by Qing-
dao Marine Chemical Company (Qingdao, China), and
Sephadex LH-20 by Pharmacia Biotec AB (Uppsala, Sweden).
Precoated C18 reversed-phase TLC plates were purchased from
Merck (Darmstadt, Germany), and normal-phase TLC was car-
ried out on silica gel 60-precoated plates (Macherey-Nagel,
Düren, Germany). Substances on all developed TLC plates
were visualized under UV light, followed by heating after
being stained with either 10% methanolic H2SO4 or 10%
ethanolic phosphomolybdic acid as detailed earlier (7). XO
from cow’s milk, xanthine, and the standard inhibitor allopuri-
nol were purchased from Sigma Chemical Co. (St. Louis, MO).  

Microorganisms and cultures. Fusarium sp., identified ac-
cording to the typical morphological characteristics of the cul-
ture, was an endophytic fungus isolated from the healthy bark of
Q. variabilis, which grows well on the southern hillside of the
Zijin Mountain in the eastern suburb of Nanjing, China. To pre-
pare a “seed liquor,” a lump (ca. 20 mL) of the fresh mycelia pre-
grown on potato–dextrose–agar (PDA) medium at 28°C for 5 d
was uniformly distributed into 1000-mL flasks, each preloaded
with 400 mL of a broth composed of potato, dextrose, and H2O
in a proportion of 10:1:50, followed by shaking at 140 rpm for 6
d at 28°C. The subsequent solid culture was completed by allow-
ing it to stand at 28 ± 1°C for 30 d. Fifteen milliliters of the seed
liquor was then distributed evenly into 420 bottles preloaded
with a given amount of millet medium [composed of millet (7.5
g), bran (7.5 g), yeast extract (0.5 g), FeSO4·7H2O (0.01 g),
sodium tartrate (0.1 g), sodium glutaminate (0.1 g), and pure corn
oil (0.1 mL)] in 15 mL of water. The used blank medium was al-
lowed to stand under the same conditions as a control.

Lipid extraction. The air-dried solid-state fungal culture was
pulverized, followed by successive extractions with fourfold
volumes of 1:1 CHCl3/MeOH by standing overnight at room
temperature. In vacuo evaporation of the solvents from the ex-
tract yielded 200 g of a dark-brown tarry mass, which was
soaked in a 1.5-fold amount of MeOH with refluxing for 1 h.

The afforded solution was gradually cooled to –20°C and al-
lowed to stand for another 24 h to precipitate the lipids. Filtra-
tion of the refrigerated solution yielded the crude lipids as pre-
cipitate (ca. 60 g, not totally dry).

Isolation and purification of cerebrosides. The total crude
lipids were first separated by chromatography on a silica gel
column, which was eluted sequentially with CHCl3/MeOH
mixtures of increasing polarity (100:0, 99:1, 98:2, 96:4, 92:8,
84:16, 70:30, 50:50, and 0:100, vol/vol). A total of seven frac-
tions (F-1, 15.6 g; F-2, 7.5 g; F-3, 6.2 g; F-4, 6.0 g; F-5, 6.9 g;
F-6, 6.5 g; and F-7, 11.0 g) were combined according to a TLC
comparison developed with A (CHCl3/MeOH/H2O, 80:20:1)
or B (CHCl3/Me2CO/MeOH, 80:20:15). F-5, which showed
pronounced antibacterial activity, was rechromatographed on a
Si-gel column that was eluted with CHCl3/Me2CO/MeOH
(80:20:10, 640 mL) to afford four subfractions (F-5-1, 2.5 g;
F-5-2, 1.0 g; F-5-3, 1.2 g; and F-5-4, 1.7 g). F-5-3 was sub-
jected to gel filtration on a Sephadex LH-20 column with
MeOH to give the total cerebroside part (760 mg), which was
further purified by preparative HPLC (Hitachi semipreparative
column, 99:1 MeOH/H2O; Hitachi, Tokyo, Japan) to yield
cerebrosides 1 (73 mg) and 2 (24 mg). They accounted for
about 0.12 and 0.04%, respectively, of the total crude lipids ex-
tracted.

Characterization of sugar, FA, and amino alcohols. A solu-
tion of 1 or 2 (15 mg) in MeOH (2 mL), water (0.2 mL), and 12
N HCl (0.2 mL) was refluxed for 7 h as described elsewhere
(8,9). After cooling, the reaction mixture was dried with a stream
of N2 to yield a residue that was dissolved in 9:1 MeOH/H2O (8
mL) and subsequently extracted three times with n-hexane (8
mL each). The combined hexane layer was concentrated to dry-
ness and further purified by gel filtration on a Sephadex LH-20
column with 1:1 CHCl3/MeOH to yield FAME, as identified by
EI-MS. The aqueous methanol phase was adjusted to pH 11 with
2% NaOH and then extracted with ether. The ether layer was pu-
rified following the aforementioned procedure to yield an amino
alcohol, as detected by EI-MS. The H2O layer was evaporated in
vacuo and then purified by gel filtration on a Sephadex LH-20
column with MeOH to afford methyl glucopyranoside ([α]27

D

+75.4°, c 0.01, MeOH), as identified by paper chromatographic
and optical rotation comparisons with the authentic material ([α]
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value of methyl D-glucopyranoside in the literature (10): +74.2°,
c 0.01, MeOH). This observation established the D-glucose motif
in the original cerebroside. 

Antimicrobial test. Antimicrobial action was assessed by a
liquid dilution method using three bacteria (Bacillus subtilis,
Escherichia coli, and Pseudomonas fluorescens) and two
human pathogenic fungi (Trichophyton rubrum and Candida
albicans). A stock solution of each test compound at 500
µg/mL in 5% DMSO was serially diluted (twofold) up to 0.9
µg/mL. The diluted solution (50 µL each) was then mixed with
an equal amount of precultured bacterial solution at 105

cells/mL, followed by incubation at 28°C for 24 h on 96-well
plates. The lowest concentration at which no visible bacterial
growth could be discerned was designated the minimum in-
hibitory concentration (MIC). The vehicle (5% DMSO in
water) was the negative control, whereas amikacin sulfate and
ketoconazole were co-assayed as positive references for anti-
bacterial and antifungal actions, respectively.

XO inhibitory assay. XO inhibitory activity was measured
according to our published method (11). Briefly, the reaction
was initiated by adding 76 µL of 31 mU/mL XO to a mixture
containing 724 µL of 50 mM K2HPO4 (pH 7.8), and 200 µL of
84.8 µg/mL xanthine in 50 mM K2HPO4. Because the reaction
was found to have linear kinetics during the first 6 min, as re-
ported previously (12), the reaction was monitored for 6 min at
295 nm, and the product was expressed as µmol uric acid per
minute. Thus, quantified amounts of stock solutions of the test
material in dimethylformamide were added separately to the
reaction liquor, and the inhibition of cerebrosides on XO was
described as the concentration at which the sample afforded a
half-maximal enzyme catalytic velocity (IC50). 

RESULTS AND DISCUSSION

Fusarium sp. IFB-121 was isolated from the healthy bark of an
abundantly growing strain of Q. variabilis. The endophytic na-
ture of Fusarium sp. IFB-121 was reinforced by the vital test
just outlined, and the specimen was deposited on a PDA slant
in our laboratory at 4°C (5). This endophytic fungal strain be-
came cultivatable in vitro independent of the host plant. The
cerebroside fraction extracted with 1:1 CHCl3/MeOH from the
solid-state culture of the endophyte was first separated by a
combination of Si-gel column chromatography and gel filtra-
tion on a Sephadex-LH 20 column, and the final purification
was achieved by semipreparative HPLC to afford two antibac-
terial and XO inhibitory white amorphous solids (1 and 2).
Subsequent TLC comparisons demonstrated that the polarity
of both isolates was fairly close to, but different from, that of
pinelloside, a new monohexosylceramide characterized re-
cently from the tubers of Perilla frutescens (8). Furthermore,
the ESI-MS/MS mass spectra of both compounds showed in-
tense fragment peaks afforded through the elimination of a sin-
gle hexose moiety from the protonated molecular ions. This ob-
servation led to the assumption that both cerebrosides could be
monohexosylceramides. 

In the 1H NMR spectrum of 1, a set of five olefinic proton
signals was exhibited at δ 5.69, 5.59, 5.45, 5.40, and 5.10 ac-

companied by a three-proton singlet at δ 1.55 (Table 1), imply-
ing the existence of three double bonds, one of which carried a
methyl group. The positive ESI-MS spectrum of compound 1
showed two quasimolecular ions at m/z 776 ([M + Na]+) and
754 ([M + H]+), coexistent with intense peaks at m/z 1529, 736,
and 574 arising from [2M + Na]+, [M + H – H2O]+, and [M +
H – hexose]+ ions, respectively. These ions, along with the pro-
tonated molecular ion at m/z 754.4953 in its HR-ESI-MS spec-
trum, demonstrated that the molecular formula of cerebroside
1 was C43H79NO9. Further interpretation of its 1H and 13C
NMR spectral data, exactly assigned with distortionless en-
hancement by polarization transfer, COSY, NOESY, HMQC,
and HMBC techniques, led to the identification of compound 1
as (2S,2′R,3R,3′E,4E,8E)-1-O-β-D-glucopyranosyl-2-N-(2′-hy-
droxy-3′-octadecenoyl)-3-hydroxy-9-methyl-4,8-sphingadie-
nine (13–15). Moreover, the structure of 1 was reinforced by
methanolysis liberating the anticipated mixture of α- and β-
anomers of methyl glucoside (I) and 2-hydroxyoctadeca-3-
enoic acid methyl ester (II) in addition to amino alcohol (1a)
(Scheme 2).

In the IR spectrum of compound 2, a broadened absorption
band due to N–H and O–H was seen at 3326 cm–1 in addition
to those at 1628 and 1533 cm–1 (amide bands) and at 1059,
1016 (C–O), and 960 cm–1 (trans-1,2-disubstituted double
bond). These IR spectral data, along with their resemblance by
TLC to those of 1, suggested that 2 was also a cerebroside. The
HR-ESI-MS spectrum of compound 2 gave a protonated mo-
lecular ion at m/z 752.5117 together with [M + Na]+ and [2M +
H]+ peaks at m/z 774.4263 and 1504.0464, respectively. These
data demonstrated that the molecular formula of 2 was
C43H77NO9, two protons less than that of metabolite 1.

In the 1H NMR spectrum of 2, a six-proton triplet (J = 7.0
Hz) at δ 0.85 and a methyl singlet at δ 1.65 as well as seven
olefinic proton signals at δ 6.01, 5.68, 5.58, 5.51, 5.44, 5.39,
and 5.35 could be readily recognized, together with a set of β-
D-glucopyranosyl signals (Table 1), indicating that this cere-
broside possessed a branched amino alcohol chain, as dis-
cerned with metabolite 1 and those previously reported for the
fungi Magnaporthe grisea, Tuber indicum, and Engleromyces
goetzei (16–18). This observation, along with eight olefinic car-
bon signals at δ 134.9, 133.6, 131.4, 131.3, 131.1, 129.8, 129.3,
and 127.7, suggested the presence of three di- and one trisub-
stituted double bonds, the latter carrying a methyl group, as ev-
idenced by a methyl singlet at δ 1.65. To assign the positions
of these four vinyl groups unambiguously, compound 2 was
subjected to methanolysis (with the products identified by opti-
cal rotation and EI-MS) to produce a mixture of α- and β-
anomers of methyl glucoside (I) and 2-hydroxyoctadeca-3-
enoic acid methyl ester (II) in addition to amino alcohol (2a)
(Scheme 2). This co-detection of fragments I and II allowed
the structure of the amide-linked acyl and saccharide moieties
to be established, with both being identical to those of metabo-
lite 1. The aforementioned spectral and chemical evidence ac-
commodated the planar structure of 2, which was confirmed by
its COSY, NOESY, HMQC, and HMBC spectra, allowing the
unambiguous assignment of all proton and carbon-13 signals
(Table 1). Thus, a clear HMBC correlation of C-1″ with H2-1
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required the linkage of the β-glucopyranosyl residue at C-1,
whereas that at C-1′ with H-2 indicated the presence of the 2-
hydroxyoctadeca-3-enoyl chain at the 2-amino group (Scheme
3).

Starting from signals at δC(H) 69.0 (3.54 and 3.93, dd each,
J = 10.5, 6.0 Hz) arising from the 1-oxygenated methylene of
the amino alcohol chain, the chemical shifts of the methine sig-
nals from C-2 through C-5 were assigned at δC(H) 53.2 (3.78,
m), 70.8 (3.98, t, J = 7.0 Hz), 131.1 (5.39, br dd, J = 15.5, 7.0
Hz), and 131.4 (5.58, br dt, J = 15.5, 6.0 Hz), respectively. The
magnitude of J4,5 = J3′,4′ = 15.5 Hz demonstrated the trans-
geometry of 3′,4′- and 4,5-double bonds. Furthermore, a 1,4-
disubstituted-2-methyl-trans-diene system was connected to
the 4,5-olefin through an ethylene “bridge,” as required by the

splitting pattern of the olefinic proton signals involved (Table
1), by clear HMBC correlations of C-6 with H-4, H-5, and H-8
(Scheme 3), and by the NOESY correlation of the 9-methyl
group with H2-7 and H-11 (Scheme 4). Furthermore, the pres-
ence of the 9-methyl group at the center of the conjugated diene
system was reinforced by the H-19 and C-19 signals; the for-
mer shifted downfield by 0.1 ppm and the latter upfield by 3.4
ppm from those of 1, owing to the paramagnetic and conjugative
effects of the 10,11-double bond (Table 1). Finally, an n-heptyl
group had to anchor on the C-11 to complete the full assignment
of the formulated amino alcohol moiety of cerebroside 2 as
(4E,8E,10E)-9-methyl-4,8,10-sphingatrienine. Regarding the
absolute configuration, the chemical shifts from C-1 through
C-7 and from C-1′ through C-18′ of compound 2, which were
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TABLE 1
1H and 13C NMR Spectral Data of Cerebrosides 1 and 2 (in DMSO-d6)a

1 2

Position 13C 1H Multiplicity; J (Hz) 13C 1H Multiplicity; J (Hz)

Hexose
1′′ 103.9 4.13 d; 7.5 103.8 4.12 d; 7.5
2′′ 73.7 2.98 t; 8.0 73.7 2.97 t; 8.0
3′′ 76.8 3.15 t; 8.5 76.8 3.14 t; 8.5
4′′ 70.3 3.06 t; 9.5 70.3 3.05 t; 9.5
5′′ 77.3 3.12 m 77.2 3.11 M
6′′a 61.4 3.46 dd; 5.5, 11.7 61.4 3.45 dd; 5.5, 11.7
6′′b 3.68 dd; 5.5, 11.7 3.67 dd; 5.5, 11.7

Amino alcohol
1a 69.0 3.55 dd; 6.0, 10.5 69.0 3.54 dd; 6.0, 10.5
1b 3.93 dd; 6.0, 10.5 3.93 dd; 6.0, 10.5
2 53.2 3.80 m 53.2 3.78 m
3 70.9 4.00 t; 6.5 70.8 3.98 t; 7.0
4 131.2 5.40 br dd; 15.5, 6.5 131.1 5.39 br dd; 15.5, 7.0
5 131.4 5.59 br dt; 15.5, 6.0 131.4 5.58 br dt; 15.5, 6.0
6 27.7 1.95 m 27.8 2.05 m
7 32.5 1.98 m 31.7 2.11 m
8 123.9 5.10 br t; 6.0 129.8 5.35  br t; 6.5
9 135.3 133.6

10 39.3 1.93 m 134.9 6.01 br d; 15.5
11 27.7 1.35 m 127.7 5.51 m
12 29.3 1.24 m 32.6 2.03 m
13 29.3 1.24 m 28.0 1.33 m
14–16 29.3 1.24 m 29.2 1.23 m
17 22.4 1.28 m 22.4 1.26 m
18 14.3 0.85 t; 7.0 14.3 0.85 t; 7.0
19 16.1 1.55 s 12.7 1.65 S
NH 7.30 d; 9.5 7.23 d; 9.5
2-Hydroxy FA
1′ 172.5 172.5
2′ 72.3 4.30 dd; 1.0, 5.5 72.2 4.29 dd; 1.0, 5.5
3′ 129.4 5.45 br dd; 5.5, 15.5 129.3 5.44 br dd; 5.5, 15.5
4′ 131.3 5.69 br ddd; 1.5, 5.5, 15.5 131.3 5.68 br ddd ; 1.5, 5.5, 15.5
5′ 31.9 1.97 m 31.9 1.97 M
6′ 29.4 1.30 m 29.4 1.30 M
7′–16′ 29.4 1.24 m 29.4 1.23 M
17′ 22.5 1.27 m 22.5 1.26 M
18′ 14.3 0.85 t; 7.0 14.3 0.85 t; 7.0
aVinylic resonance lines are in boldface for emphasis. Unequivocal assignments were allowed by COSY, 2-D nuclear
Overhauser effect correlation spectroscopy, heteronuclear multiple-quantum coherence, and heteronuclear multiple-bond
correlation experiments.



nearly identical to those of cerebroside 1 (Table 1) and which
were shown to be the same as those of the natural cerebroside,
B (13), indicated that it shared 2S,2′R,3R-configurations with
cerebroside 1. Morever, the specific rotations of II ([α]27

D
–5.1°)

and 2 ([α]27
D

+6.2°) were nearly identical to those in the litera-
ture (see Ref. 10 and the related references cited therein), im-
plying that the absolute configuration at C-2′ of 2 was R and
that those at C-2 and C-3 were 2S,3R. In conclusion, the struc-
ture of cerebroside 2 was (2S,2′R,3R,3′E,4E,8E,10E)-1-O-β-D-
glucopyranosyl-2-N-(2′-hydroxy-3′-octadecenoyl)-3-hydroxy-

9-methyl-4,8,10-sphingatrienine. We have named compound 2
fusaruside.

In vitro antimicrobial/antibacterial tests showed that both
cerebrosides were strongly active against B. subtilis, E. coli, and
P. fluorescens, with the MIC of 1 being 7.8, 3.9, and 7.8 µg/mL,
and that of 2 being 3.9, 3.9, and 1.9 µg/mL, respectively (Table
2). The MIC of the amikacin sulfate co-assayed as a positive ref-
erence against the three bacteria were 0.45, 3.9, and 3.9 µg/mL,
respectively. However, no substantial inhibition against the two
test fungi could be discerned with any of the cerebrosides at 125
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µg/mL, whereas ketoconazole exhibited an MIC of 3.9 mg/mL
with both fungi. 

XO catalyzes the metabolism of hypoxanthine and xanthine
to uric acid. The overproduction and/or underexcretion of this
acid leads to complications of hyperuricemia, such as gout. Ac-
cordingly, one of the therapeutic approaches for treating gout
is to use XO inhibitors that block the synthesis of uric acid.
Allopurinol has been the sole XO inhibitor in clinical use dur-
ing the past three decades, although other agents are being de-
veloped, as this drug gives rise to a number of adverse side ef-
fects (19). Therefore, there is an urgent need to search for new
XO inhibitors. The XO inhibitory tests showed that cerebro-
sides 1 and 2 could inhibit the enzyme, as they had IC50 values
of 55.5 ± 1.8 and 43.8 ± 3.6 µM, respectively. The IC50 datum
for the allopurinol co-assayed in the study as a positive control
was 9.8 ± 1.2 µM. Figure 1 shows a Lineweaver–Burk trans-
formation of the data for XO assays performed as a function of
different concentrations of xanthine in the absence or presence
of cerebroside 1. Parallel studies were carried out with fusaru-

side 2, as shown in Figure 2. The data indicated that both of the
cerebrosides shared with allopurinol (19) a mixed-type inhibi-
tion to XO.

Cerebrosides are central components of a wide variety of
tissues and organs in biological systems that serve as structure
and shape determinants of the cell membrane (20). The cere-
brosides containing (4E,8E)-9-methylsphinga-4,8-dienine have
been found in a number of fungi (10,21,22). Previously, some
cerebrosides carrying a 9-methylated (4E,8E)-sphingadienine
chain amidated by 2-hydroxylated FA of C14–18 lengths have
shown stronger fruit-inducing (23) and antibiotic activities
(24–26). Recently, it was reported that monoclonal antibodies
prepared against cerebroside 1 can be used as tools for evaluat-
ing the role of glucosylceramides in the morphological transi-
tion of Colletotrichum gloeosporioides (27). These results dif-
fer from those of Weiss et al. (28) and Duarte et al. (14). Weiss
et al. (28) reported that the monohexosylceramides of Fusar-
ium lini contain predominantly C18 and C20 phytosphingosines
on the basis of hydrolysis, reduction, and periodate oxidation.
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TABLE 2
In vitro Antimicrobial Activities of 1 and 2

MICa (µg/mL)

Test microbes 1 2 Amikacin sulfate Ketoconazole

Bacillus subtilis 7.8 3.9 0.45 —
Escherichia coli 3.9 3.9 3.9 —
Pseudomonas fluorescens 7.8 1.9 3.9 —
Trichophyton rubrum >125 >125 — 3.9
Candida albicans >125 >125 — 3.9
aMIC, minimum inhibitory concentration. 

FIG. 1. Lineweaver–Burk plot of xanthine oxidase inhibition by cere-
broside 1. Xanthine oxidase assays were performed as described in the
Experimental Procedures section, but with various concentrations of
xanthine. Each experiment comprised three conditions: the control
without any inhibitor (uu), in the presence of 47.2 µM cerebroside 1 (nn),
and in the presence of 74.1 µM of cerebroside 1 (s). The Lineweaver–Burk-
transformed data were plotted, followed by linear regression of the points.
Data represent the average of two experiments.

FIG. 2. Lineweaver–Burk plot of xanthine oxidase inhibition by fusaru-
side 2. The experimental conditions and the subsequent data analyses
were the same as in Figure 1, except that fusaruside 2 was used instead
of cerebroside 1: control without any inhibitor (uu), in the presence of
37.2 µM of fusaruside 2 (nn), and in the presence of 58.4 µM of fusaru-
side 2 (s). Data represent the average of two experiments.

                                                                                                   



Duarte et al. (14) described two 9-methyl-4,8-sphingadiene
glycosphingolipids from F. solani and Fusarium sp. using mod-
ern spectroscopic methods such as 1H NMR, GC-MS, and
FABMS. It is noteworthy that this is the first communication
dealing with these two antibacterial and XO inhibitory gly-
cosphingolipids including a new metabolite, fusaruside (2). 
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ABSTRACT: A series of saturated 2-methoxylated FA having
even-numbered chains with 8–14 carbons were synthesized,
and their spectroscopic data are presented for the first time. The
2-methoxylated C10–C14 acids were prepared from the corre-
sponding 2-hydroxylated FA, whereas the 2-methoxyoctanoic
acid was synthesized starting with heptaldehyde. All of the
methoxylated FA displayed some degree of inhibition (between
2 and 99%) of Mycobacterium tuberculosis H37Rv at 6.25
µg/mL. The most inhibitory FA was 2-methoxydecanoic acid,
with a minimum inhibitory concentration of 200–239 µM
against M. tuberculosis H37Rv as determined by both the mi-
croplate Alamar Blue assay and the green fluorescent protein
microplate assay. These results are discussed in terms of the
possible role of the 2-methoxylated FA as antimicrobial lipids
produced either by marine sponges, or the associated marine
symbiotic bacteria, as a defense mechanism in a highly com-
petitive environment. 

Paper no. L9436 in Lipids 39, 675–680 (July 2004).

Marine organisms, in particular sponges, are a recognized
source of antibacterial substances (1). In addition, bacteria
present as symbionts in sponges also are sources of antibacte-
rial compounds, which has led to the theory that microbial
symbionts play a role in the defense of their host sponge (2).
For example, a recent study revealed that 57% of bacteria iso-
lated from a Cliona sp. produce antibacterial compounds
against Staphylococcus aureus ATCC 6538, and predominat-
ing in these bacterial isolates were strains of Aeromonas spp.
and Vibrio spp. (2).

Host specificity also has been recognized to operate in ma-
rine sponge-associated bacteria. For example, some sponges
from Australia, such as Callyspongia sp. and Stylinos sp.,
contain unique specialized communities of microbes (3). Mi-
crobial communities vary little within each species of sponge,
but changes among species are noteworthy. How do these dif-
ferent communities of microbes guarantee themselves a place
in a competitive and beneficial habitat? It is evident that the

antimicrobial defenses of such marine microbes, and their
hosts, are mostly uncharacterized.

In looking for such antimicrobial substances, we have fo-
cused on the FA composition of several Caribbean marine
sponges (4). One particular group of FA unique to marine
sponges is the α-methoxylated FA, which have only been
identified in small amounts in the PE and PS of these organ-
isms (5). Recent examples of short-chain analogs (C14–C18)
of these α-methoxylated FA, in particular those arising from
a Callyspongia sp. sponge, have been postulated to originate
from bacteria in symbiosis with the sponge (4). Could these
FA be used by a yet unrecognized marine microbe, in sym-
biosis with the sponge, as an antibacterial lipid to gain prefer-
ence in a competitive marine microbial community? To begin
answering this question, we needed to determine the complete
spectrum of the antibacterial potential of these lipids.

Little information is available regarding the antibacterial
properties of α-methoxylated FA. In our first efforts in this di-
rection, we synthesized two α-methoxylated FA, (Z)-2-methoxy-
6-hexadecenoic acid and (Z)-2-methoxy-5-hexadecenoic acid,
and showed that they displayed similar antimicrobial activity
against the Gram-positive bacteria S. aureus [minimum inhibitory
concentration (MIC) 0.35 µmol/mL] and Streptococcus faecalis
(MIC 0.35 µmol/mL) but that they were inactive against Gram-
negative bacteria (6). The saturated 2-methoxyhexadecanoic
acid was not antimicrobial in these bioassays.

Although nothing is known about the antimycobacterial
properties of these intriguing α-methoxylated FA, the my-
cobactericidal effect of FA has been known for some time
(7–10). Earlier studies by Kondo and Kanai (7) established
that among a series of straight-chain saturated FA (C2–C20),
myristic acid displayed the strongest bactericidal activity at
0.04 mM against a highly virulent strain (Ravenel) of My-
cobacterium bovis and an avirulent strain (H37Ra) of M. tu-
berculosis. More recently, Saito and collaborators (9) studied
the cytotoxicity of a selected number of FA against 71 strains
of 15 species of rapidly growing mycobacteria using the agar
dilution method at pH 7.0. Among a series of straight-chain
saturated FA having between 2 and 20 carbons, lauric acid
(12:0) was the most active (MIC values of 6.25–25 µg/mL),
and capric acid (10:0) was the second-most active (MIC val-
ues of 50–100 µg/mL) (9). Other saturated FA between C2
and C20 were essentially nontoxic to all the mycobacteria
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studied. Unsaturated FA with 16–20 carbons were also highly
toxic to the Group IV mycobacteria: palmitoleic acid was
highly toxic  (MIC values of 3.2–6.25 µg/mL), and oleic acid
showed a similar profile. The mechanisms of antibacterial ac-
tivity were postulated to proceed via disruption of the bacter-
ial cell membrane resulting in a change in membrane perme-
ability (9). 

To begin to understand the antimycobacterial properties of
these interesting α-methoxylated FA, and guided initially by
literature values defining suitable chain lengths, we present
herein the susceptibility of M. tuberculosis H37Rv toward the
2-methoxylated acids 1–4 (Fig. 1). We also report spectral
data for acids 1–3, which have not previously been reported,
although data for the saturated α-methoxylated FA having
chain lengths between 14 and 24 carbons are available (5).

MATERIALS AND METHODS

Instrumentation. IR spectra were recorded on a Nicolet 600
FTIR spectrophotometer. 1H and 13C NMR spectra were
recorded on either a Bruker DPX-300 or a Bruker DRX-500
spectrometer. 1H NMR chemical shifts are reported with re-
spect to internal (CH3)4Si, and 13C NMR chemical shifts are
reported in parts per million relative to CDCl3 (77.0 ppm).
Mass spectral data were acquired using a gas chromato-
graph–mass spectrometer (Hewlett-Packard 5972A MS
ChemStation) at 70 eV equipped with a 30 m × 0.25 mm spe-
cial performance capillary column (HP-5MS) of polymethyl-
siloxane cross-linked with 5% phenyl methylpolysiloxane.

Elemental analyses were performed by Galbraith Laborato-
ries, Inc. (Knoxville, TN).

(±)-2-Trimethylsilyloxyoctanonitrile. To heptaldehyde (5
g, 44 mmol) in 20 mL of anhydrous CH2Cl2 was added drop-
wise 4.3 g (44 mmol) of trimethylsilyl cyanide and catalytic
amounts of Et3N (10%) at 0°C. The reaction mixture was
stirred for 2 h at 0°C. Then the solvent was removed in vacuo,
affording 8.5 g (40 mmol) of (±)-2-trimethylsilyloxyoctano-
nitrile. 1H NMR (CDCl3, 300 MHz) δ 4.37 (1H, t, J = 6.6 Hz,
H-2), 1.76 (2H, m, H-3), 1.43 (2H, m, H-4), 1.28 (6H, brs,
CH2), 0.87 (3H, J = 6.9 Hz, t, H-8), 0.19 (9H, s, Si(CH3)3);
13C NMR (CDCl3, 75 MHz) δ 120.0 (s, C-1), 61.4 (d, C-2),
36.1 (t), 31.5 (t), 28.5 (t), 24.4 (t), 22.4 (t), 13.9 (q), –0.4 (q).
GC–MS m/z (relative intensity) M+ 213 (0.1), 198 (40), 185
(4), 173 (4), 172 (15), 171 (100), 129 (14), 115 (20), 114 (24),
113 (7), 102 (21), 101 (35), 100 (11), 97 (28), 89 (7), 84 (27),
83 (2), 74 (81), 73 (64), 70 (19), 69 (14), 59 (17), 57 (12), 55
(94).

Methyl 2-hydroxyoctanoate. Into a 25-mL round-bottomed
flask was placed the trimethylsilyloxy nitrile (6 g, 28 mmol)
in 10 mL of dimethoxyethane. Concentrated HCl (10 mL)
was added, and the reaction mixture was heated at 90°C for
24 h. The reaction mixture was then cooled (ice bath) and
made alkaline by the slow addition of 50% NaOH (10 mL).
The reaction mixture was heated again for 2 h at 90°C. The
mixture was then acidified with 10 mL of 6 M HCl, and the
product was extracted with ether (2 × 12 mL). The organic
layer was dried over Na2SO4, filtered, and evaporated in
vacuo, affording 3.7 g (21 mmol) of the 2-hydroxyoctanoic
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FIG. 1. Synthesis of the 2-methoxylated FA 2-methoxyoctanoic acid (1), 2-methoxydecanoic acid (2), 2-methoxydodec-
anoic acid (3), and 2-methoxytetradecanoic acid (4). TMS-CN, trimethylsilyl cyanide; DME, dimethoxyethane.

(i) NaH/DMSO, 2 equiv CH3l; (ii)

(i) TMS-CN, Et3N, CH2Cl2, 0°C; (ii) HCl (conc.), DME 24 h; (iii) 50% NaOH, heat 3 h;
(iv) NaH/DMSO, 2 = CH3l; (v) KOH/EtOH



acid, which was subsequently esterified (100% yield) with
MeOH/HCl for final characterization. 1H NMR (CDCl3, 300
MHz) δ 4.18 (1H, dd, J = 7.4 and 7.35 Hz, H-2), 3.77 (3H, s,
–OMe), 3.15 (1H, s, –OH), 1.76 (1H, m, H-3), 1.60 (1H, m,
H-3), 1.27 (8H, brs, CH2), 0.86 (3H, t, J = 6.9 Hz, H-8); 13C
NMR (CDCl3, 75 MHz) δ 175.9 (s, C-1), 70.4 (q, –OCH3),
52.4 (d, C-2), 34.3 (t), 31.6 (t), 28.9 (t), 24.6 (t), 22.5 (t), 14.0
(q, C-8); GC–MS m/z (relative intensity) M+ 174 (0.1), 145
(1), 127 (2), 116 (3), 115 (39), 113 (4), 104 (1), 98 (5), 97
(68), 90 (25), 87 (3), 74 (1), 70 (4), 69 (18), 68 (2), 60 (1), 59
(8), 57 (14), 56 (6), 55 (100).  

Methylation of the 2-hydroxy FAME. Into 15- or 50-mL
round-bottomed flasks provided with magnetic stirrers and
under a nitrogen atmosphere were placed 2 equiv of NaH in
3–25 mL of DMSO. Then the 2-hydroxy FAME (0.03–3.7 g,
0.11–21.3 mmol) dissolved in DMSO was added dropwise at
room temperature for 10 min. An excess of CH3I was then
added dropwise, and the reaction mixture was further stirred
for 20 min, after which it was diluted with 10 mL of hexane/
ether (1:1) and washed with H2O (2 × 10 mL) to remove the
remaining DMSO. The organic phase was separated, dried
over Na2SO4, filtered, and evaporated in vacuo, affording
0.02–3.2 g (0.08–17.0 mmol) of the 2-methoxylated methyl
esters (74–80% isolated yields). The compounds were used
as such for the next step without further purification.

Saponification of the 2-methoxy FAME. Into a 25-mL
round-bottomed flask was added the 2-methoxymethyl ester
(0.02–1.0 g, 0.08–5.5 mmol) in 15 mL of 1 M KOH/ethanol,
and the mixture was refluxed for 1 h. The reaction mixture
was cooled to room temperature, and the ethanol was then
evaporated in vacuo. Hexane was added to the mixture, and
the organic phase was washed twice with H2O (2 × 10 mL).
The aqueous phase was then acidified with 6 M HCl, and the
acid was extracted with ether (2 × 10 mL). The organic phase
was separated, dried over Na2SO4, and evaporated in vacuo,
affording the 2-methoxylated FA (0.016–0.81 g, 0.065–4.65
mmol, 81–86% yield). Spectral data not previously reported
in the literature are presented below.

(i) 2-Methoxyoctanoic acid (1). IR (neat) νmax 2956, 2928,
2872, 2856, 2829, 1708, 1604, 1461, 1414, 1099, and 796 cm–1;
1H NMR (CDCl3, 300 MHz) δ 9.13 (1H, s, –CO2H), 3.77 (1H,
dd, J = 6.4 and 5.4 Hz, H-2), 3.42 (3H, s, OCH3), 1.75 (2H, m,
H-3), 1.38 (2H, m, H-4), 1.26 (6H, brs, CH2), 0.86 (3H, t, J =
6.9 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 178.0 (s, C-1), 80.1
(d, C-2), 58.2 (q, –OCH3), 32.4 (t), 31.5 (t), 28.9 (t), 24.8 (t),
22.5 (t), 13.9 (q, C-8); GC–MS m/z (relative intensity) M+ 174
(0.1), 130 (6), 129 (73), 113 (1), 101 (1), 98 (6), 97 (75), 95 (2),
90 (11), 84 (1), 72 (2), 71 (15), 69 (16), 68 (2), 67 (4), 61 (2), 59
(5), 58 (10), 56 (6), 55 (100). Anal. calcd. for C9H18O3: C,
62.04; H, 10.41. Found: C, 58.86; H, 10.65. 

(ii) 2-Methoxydecanoic acid (2). M.p. 40–42°C, IR (neat)
νmax 2992, 2923, 2908, 2848, 2838, 1706, 1467, 1423, 1354,
1285, 1263, 1227, 1210, 1144, 1119, 1053, 1015, 958, 835,
788, 755, 719 cm–1; 1H NMR (CDCl3, 300 MHz) δ 8.55 (1H,
s, –CO2H), 3.78 (1H, dd, J = 6.9 and 6.8 Hz, H-2), 3.42 (3H,
s, –OMe), 1.75 (2H, m, H-3), 1.40 (2H, m, H-4), 1.25 (10H,

brs, CH2), 0.85 (3H, t, J = 6.6 Hz, CH3); 13C NMR (CDCl3,
75 MHz) δ 178.0 (s, C-1), 80.1 (d, C-2), 58.2 (q, –OCH3),
32.4 (t), 31.8 (t), 29.3 (t), 29.2 (t), 29.1 (t), 24.9 (t), 22.6 (t),
14.0 (q, C-10); GC–MS m/z (relative intensity) M+ 202 (0.1),
169 (1), 157 (73), 152 (1), 125 (2), 113 (2), 97 (3), 90 (12),
85 (3), 83 (55), 81 (5), 75 (2), 73 (5), 71 (20), 69 (100), 57
(22), 55 (41). Anal. calcd. for C11H22O3: C, 65.31; H, 10.96.
Found: C, 65.05; H, 11.09.

(iii) 2-Methoxydodecanoic acid (3). M.p. 49–51°C, IR
(neat) νmax 2948, 2895, 2848, 1705, 1474, 1422, 1270, 1244,
1221, 1145, 1119, 940, 916 cm–1; 1H NMR (CDCl3, 300
MHz) δ 3.81 (1H, dd, J = 6.4 and 6.4 Hz, H-2), 3.45 (3H, s,
OCH3), 1.78 (2H, m, H-3), 1.40 (2H, m, H-4), 1.25 (14H, brs,
CH2), 0.87 (3H, t, J = 6.9 Hz, CH3); 13C NMR (CDCl3, 75
MHz) δ 177.4 (s, C-1), 80.2 (d, C-2), 58.3 (q, –OCH3), 32.0
(t), 31.9 (t), 29.55 (t), 29.51 (t), 29.4 (t), 29.3 (t), 29.2 (t), 24.7
(t), 22.7 (t), 14.1 (q, C-12); GC–MS m/z (relative intensity)
M+ 230 (2), 186 (14), 185 (100), 152 (1), 138 (2), 127 (1),
113 (3), 111 (19), 109 (3), 103 (2), 97 (81), 90 (18), 85 (10),
83 (72), 71 (54), 69 (64), 57 (29), 55 (73). Anal. calcd. for
C13H26O3: C, 67.78; H, 11.38. Found: C, 67.72; H, 11.62. 

Bacterial strains and growth conditions. Mycobacterium tu-
berculosis H37Rv ATCC 27294 (H37Rv) was obtained from the
American Type Culture Collection (Rockville, MD). For the
first three of four replicate experiments, H37Rv was first pas-
saged in radiometric 7H12 broth (BACTEC 12B; Becton Dick-
inson Diagnostic Instrument Systems, Sparks, MD) until the
growth index (measurement of the radioactivity of the 14C-CO2
released by multiplying mycobacteria) reached 800 to 999. For
the fourth replicate experiment, H37Rv was grown in 100 mL of
Middlebrook 7H9 broth (Difco, Detroit, MI) supplemented with
0.2% (vol/vol) glycerol (Sigma Chemical Co., St. Louis, MO),
10% (vol/vol) OADC (oleic acid, albumin, dextrose, catalase;
Difco), and 0.05% (vol/vol) Tween 80 (Sigma). The complete
medium was referred to as 7H9GC-Tween. Cultures were incu-
bated in 500-mL nephelometer flasks on a rotary shaker (New
Brunswick Scientific, Edison, NJ) at 150 rpm and 37°C until
they reached an optical density of 0.4 to 0.5 at 550 nm. Bacteria
were washed and suspended in 20 mL of PBS and passed
through an 8-µm pore-size filter to eliminate clumps. The fil-
trates were aliquotted, stored at –80°C, and used within 30 d.

Media. The FA were solubilized, and stock solutions were
filter sterilized (0.22 µm pore size) and stored at –70°C for not
more than 30 d. MIC were determined four times on four differ-
ent days. A common set of frozen drug stock solutions was used
for all experiments, with a previously unthawed aliquot being
used for each experiment. Maximal final drug concentrations in
testing media were limited by compound solubility.

Microplate Alamar Blue susceptibility test (MABA). Anti-
microbial susceptibility testing was performed in black, clear-
bottomed, 96-well microplates (black view plates; Packard
Instrument Company, Meriden, CT) to minimize background
fluorescence. Outer perimeter wells were filled with sterile
water to prevent dehydration in experimental wells. Initial drug
dilutions were prepared in either DMSO or distilled deionized
water, and subsequent dilutions were performed in 0.1 mL of
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7H9GC (no Tween 80) in the microplates. BACTEC 12B-pas-
saged inocula were initially diluted 1:2 in 7H9GC, and 0.1 mL
was added to wells. Subsequent determination of bacterial titer
yielded 1 × 106 CFU/mL in plate wells for H37Rv. Frozen inoc-
ula were initially diluted 1:20 in BACTEC 12B medium fol-
lowed by a 1:50 dilution in 7H9GC. Addition of 0.1 mL to wells
resulted in a final bacterial titer of 2.0 × 105 CFU/mL for H37Rv.
Wells containing drug only were used to detect autofluores-
cence of compounds. Additional control wells consisted of
bacteria only (B) and medium only (M). Plates were incu-
bated at 37°C. Starting at day 4 of incubation, 20 µL of 10×
Alamar Blue solutions (Alamar Biosciences/Accumed, West-
lake, OH) and 12.5 µL of 20% Tween 80 were added to one
B well and one M well, and plates were reincubated at 37°C.
Wells were observed at 12 and 24 h for a color change from
blue to pink and for a reading of >50,000 fluorescence units
(FU). Fluorescence was measured in a Cytofluor II microplate
fluorometer (PerSeptive Biosystems, Framingham, MA) in
bottom-reading mode with excitation at 530 nm and emission
at 590 nm. If the B wells became pink by 24 h, reagent was
added to the entire plate. If the well remained blue or ≤50,000
FU was measured, additional M and B wells were tested daily
until a color change occurred, at which time reagents were
added to all remaining wells. Plates were then incubated at
37°C, and results were recorded at 24 h after addition of
reagent. Visual MIC were defined as the lowest concentration
of drug that had prevented a color change. For fluorometric
MIC, a background subtraction was performed on all wells
with a mean of triplicate M wells. Percent inhibition was de-
fined as 1 – (test well FU/mean FU of triplicate B wells) ×
100. The lowest drug concentration effecting an inhibition of
≥90% was considered the MIC. 

Statistical analysis. All analyses were performed with the
program SAS (SAS Institute Inc., Cary, NC). Correlation co-
efficients were defined according to Spearman for ranked data
analysis and Pearson for raw data analysis to determine dif-
ferences between the BACTEC system and the MABA either
fluorometrically or visually for determination of MIC (11). A
general linear model procedure using ANOVA of ranked data
was performed for each of the three variables of MIC genera-
tion to determine significant differences between the replicate
comparisons of the four experiments. Tukey’s Studentized
range test was also used for pairwise post hoc comparison of
variable analysis of ranked measure for significant differences
among techniques for individual antimicrobial agents for each
bacterial strain. Significance was determined at P ≤ 0.05.

Determination of the MIC of 2-methoxydecanoic acid (2).
Mycobacterium tuberculosis H37Rv (ATCC 27294) was grown
to late log phase (70–100 Klett units) in Middlebrook 7H9 broth
supplemented with 0.2% vol/vol glycerol, 0.05% Tween 80, and
10% vol/vol OADC. Cultures were centrifuged 15 min at 4°C at
3150 × g, washed twice, and resuspended in PBS. Suspensions
were then passed through an 8-µm filter to remove clumps, and
aliquots were frozen at –80°C. The CFU was determined by
plating on 7H11 agar plates. 

Twofold dilutions of FA were prepared in Middlebrook
7H12 medium (7H9 broth containing 1 mg/mL% wt/vol cas-
itone, 5.6 µg/mL palmitic acid, 5 mg/mL BSA, 4 mg/mL cata-
lase, filter-sterilized) or in the same medium supplemented
with 0.2% vol/vol glycerol but without palmitic acid. Medium
was added to 96-well microplates in a volume of 100 µL. My-
cobacterium tuberculosis H37Rv (100 µL continuing 2 × 104

CFU) was added, yielding a final testing volume of 200 µL.
Cultures were incubated for 7 d at 37°C. 

The MIC of FA for M. tuberculosis was assessed by the
MABA (11) or by the green fluorescent protein microplate
assay (GFPMA) (12). For determination of growth/inhibition
by MABA, at the end of the incubation period 12.5 µL of
20% Tween 80 and 20 µL of Alamar Blue were added to cul-
tures. After incubation at 37°C for 16–24 h, fluorescence was
read (excitation, 530 nm; emission, 590 nm). For determina-
tion of MIC by the GFPMA, fluorescence of cultures was read
at excitation, 485 nm; emission, 510 nm. The MIC for both
assays was defined as the lowest concentration effecting a re-
duction in fluorescence of ≥90% relative to the mean of repli-
cate bacteria-only controls. Rifampin was used as a reference
antimycobacterial drug in the MIC determination. 

Cytotoxicity. Evaluation of the cytotoxic activity of FA in
Vero cells (African green monkey kidney cells) was per-
formed as described earlier (13) using the CellTiter 96 aque-
ous nonradioactive cell proliferation assay (Promega Corp.,
Madison, WI). The IC50 was defined as the reciprocal dilu-
tion resulting in 50% inhibition of the Vero cells.

RESULTS AND DISCUSSION

To appraise the antimycobactericidal potential of straight-
chain 2-methoxylated FA, a short series of four FA having
even-numberd carbon chains of 8–14 carbons was synthe-
sized. Of these four FA, only the 2-methoxytetradecanoic acid
(4) is a naturally occurring FA, with antifungal activity
against Candida albicans, and its synthesis has been de-
scribed before (14). The synthesis of the other methoxylated
FA was achieved as outlined in Figure 1. For example, the 2-
methoxydodecanoic acid and the 2-methoxydecanoic acid
were synthesized from commercially available (Matreya,
Pleasant Gap, PA) 2-hydroxydodecanoic acid and 2-hydroxy-
decanoic acid, respectively, by simple double methylation
with sodium hydride in DMSO followed by saponification
with KOH in ethanol, which resulted in the desired 2-
methoxylated FA in 60–69% isolated overall yields. The syn-
thesis of 2-methoxyoctanoic acid required a more lengthy
synthetic sequence (Fig. 1). For this synthesis heptaldehyde
was chosen as the starting material, which was first reacted
with trimethylsilyl cyanide and triethylamine affording 2-
trimethylsilyloxyoctanonitrile in a 90% yield. The silyloxyni-
trile was then transformed into 2-hydroxyoctanoic acid by
first reacting the nitrile with concentrated HCl in DME fol-
lowed by saponification with 50% NaOH. The final acid was
obtained, as described for the longer-chain analogs, by a simple
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double methylation with sodium hydride and DMSO fol-
lowed by saponification with KOH in ethanol, resulting in the
desired 2-methoxyoctanoic acid (Fig. 1). 

The preliminary survey of the mycobactericidal activity of
the four even-numbered-chain 2-methoxylated FA 1–4 was
performed against the M. tuberculosis strain H37Rv at the single
concentration of 6.25 µg/mL using the Alamar Blue susceptibil-
ity test (11). At this concentration, the 2-methoxydec-anoic acid
displayed the greatest potential as a mycobactericidal α-
methoxylated FA, with an apparent 99% inhibition of M. tu-
berculosis H37Rv. The second-most promising was the 2-
methoxydodecanoic acid, which presented a 62% inhibition of
the mycobacterium, and the third-most bactericidal was the 2-
methoxytetradecanoic acid, with a 22% inhibition of M. tuber-
culosis H37Rv. The 2-methoxyoctanoic acid displayed only a
very weak 2% inhibition of M. tuberculosis H37Rv at 6.25
µg/mL. Therefore, the order of percent inhibition of the tested
2-methoxylated FA against M. tuberculosis H37Rv at 6.25
µg/mL was determined to be C10 > C12 > C14 > C8. 

Based on this preliminary survey, we then focused our at-
tention on 2-methoxydecanoic acid and determined its exact
MIC against M. tuberculosis H37Rv. The activity was as-
sessed using both the MABA and the GFPMA. In addition,
decanoic acid was tested so as to compare its mycobacterici-
dal activity with that of the methoxylated analog. The results
of this more precise study are shown in Table 1. In both as-
says the 2-methoxydecanoic acid displayed a MIC of
200–239 µM against M. tuberculosis H37Rv. On the other
hand, decanoic acid presented a MIC of 149–200 µM against
this same strain of M. tuberculosis H37Rv. An interesting ob-
servation is that neither acid was toxic to mammalian Vero
cells (African green monkey kidney cells) at IC50 > 300 µM.

From these results we can conclude that M. tuberculosis
H37Rv is susceptible to the different α-methoxylated FA tested
in this work, but that the 2-methoxydecanoic acid is the most
bactericidal. However, the use by marine organisms of the α-
methoxylated FA 2–4 as antimycobactericidal lipids is plausible
despite the fact that acids 1–3 still need to be identified in ma-
rine sponges. However, acid 4 is known to occur in sponges
(14). We should mention in this context that although most α-
methoxylated FA are phospholipid bound, this presents no prob-
lem in their release since many sponges are known to have con-
siderable phospholipase A2 activity (15). Based on these results,
the survey of these and other α-methoxylated FA against other
strains of mycobacteria is certainly warranted.

In summary, we have presented the first synthesis and spec-
tral data for the saturated 2-methoxylated FA 1–3. This informa-
tion should certainly facilitate their future identification in na-
ture. All acids displayed some sort of bactericidal activity to-
ward M. tuberculosis H37Rv, but the 2-methoxydecanoic acid
(2) displayed the best mycobactericidal activity at MIC of 200
µM. As to the mechanism of action of the 2-methoxydecanoic
acid (2) we can only speculate at this point, but this methoxy-
lated FA could also disturb the mycobacterial cytoplasmic mem-
brane in a fashion similar to that postulated for the unmethoxy-
lated FA (8). This preliminary work should lay the foundation
for further studies on the antimycobacterial properties of this in-
teresting group of marine FA. 
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ABSTRACT: Four novel straight-chain polyacetylenic alcohols
were isolated from a marine ascidian (Phylum Chordata, sub-
phyllum Urochordata) collected off Vigo, along the Atlantic coast
of northwestern Spain. The chemical structures, which exhibit an
uncommon dienyne group, were characterized by spectroscopic
methods, mainly mono- and bi-dimensional NMR. This is the first
finding of acetylenic lipids from an organism belonging to phy-
lum Chordata. 

Paper no. L9518 in Lipids 39, 681–685 (July 2004). 

Several examples of polyacetylenic compounds with different
chain lengths, unsaturation degrees, and oxygenation patterns
have been reported from marine organisms in the last few years
(1). The main sources of these molecules have been selected
genera of sponges (i.e., Petrosia, Xestospongia, Callyspongia)
belonging to the order Haplosclerida, for which polyacetylenes
are considered to be good chemotaxonomic markers (2). A few
reports of polyacetylenes from marine organisms belonging to
different plant and animal groups, such as red algae (3–8),
nudibranch molluscs (9,10), and stony corals (11), also have
appeared in the literature. Acetylenic compound biogenesis is
a highly speculative field, with an almost total lack of experimen-
tation. Still, there is enough evidence to hypothesize a likely
biosynthesis de novo of most of the compounds even though a
bacterial symbiont origin in the different organisms also could
be possible. Notable biological activities including antifungal
properties (12), HIV protease inhibition (13), and cytotoxicity
(14,15) have been reported for several members of this class of
compounds. In continuing our studies on secondary metabo-
lites of marine benthic invertebrates, we analyzed an unclassi-
fied ascidian belonging to the family Polyclinidae, collected
along the Atlantic coast of northwestern Spain. This chemical
analysis led to the isolation of four novel C21 acetylene-con-
taining lipids, the structures of which were determined by ex-
tensive spectral analysis.

EXPERIMENTAL PROCEDURES

Silica gel chromatography was performed using precoated
Merck F254 plates and Merck Kieselgel 60 powder (Merck,
Darmstadt, Germany). HPLC was carried out on a Shimadzu
liquid chromatograph LC-10AD equipped with a UV SPD-
10A wavelength detector. Optical rotations [α]Dwere measured
on a JASCO DIP 370 digital polarimeter by using a 100 × 2
mm cell. The IR spectra were taken on a Bio-Rad FTS 7 spec-
trophotometer. 1H and 13C NMR spectra were recorded on
Bruker WM 500 MHz and Bruker AM 300 MHz spectrome-
ters in CDCl3 solutions; chemical shifts are reported in ppm
referenced to CHCl

3
as the internal standard (δ 7.26 for proton

and δ 77.0 for carbon). CI-MS spectra were measured on a Shi-
madzu quadrupole LCMS-2010 instrument, equipped with
both UV SPD-10A and LCMS-2010 mass detectors. Samples
were analyzed on an LC solvent stream and ionized by an at-
mospheric pressure chemical ionization MS (APCIMS) source.
High-resolution mass spectra were recorded on a Micromass
Q-TOF MICRO spectrometer coupled with a Waters Alliance
2695 high-performance liquid chromatograph, equipped with a
Waters 2996 photodiode and a Rheodyne 7725i injector. An
electrospray ionization method was employed, and the instru-
ment was calibrated by using a polyethylene glycol mixture of
200 to 1000 MW [resolution specification 5000 full width at
half maximum (FWHM), deviation <5 ppm root mean square
(RMS) in the presence of a known internal reference mass].

Collection, extraction, and isolation. The ascidian (belong-
ing to the family Polyclinidae), which shows club-shaped
colonies with a well-developed stalk, a globular head, and yel-
lowish zooids, was collected by SCUBA (–15 m) off Vigo
(northern Spain) during August 1999. The identification of the
specimens to the species or genus level was not possible due
their preservation conditions. After collection, the biological
material was frozen, then transferred to ICB laboratories in
Naples, where it was kept at –80°C until extraction. A voucher
specimen is stored for inspection at ICB (sample VIG37). In a
typical extraction procedure, a sample of frozen tunicate (dry
weight 17.6 g) was cut into small pieces, immersed in acetone
(100 mL), and extracted sequentially at room temperature by
both ultrasonic vibration (5 min) and grinding by a pestle. The
treatment was repeated three times. After concentration in
vacuo, the aqueous residue was extracted with Et2O (3 × 50 mL).
The combined ether extracts were taken to dryness, yielding an
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TABLE 1
NMR Dataa for Compounds 1 and 2

Compound 1 Compound 2
13C 1H 13C 1H HMBCb

Position (ppm) δ, m (J, Hz) (ppm) δ, m (J, Hz) 13C to 1H

1 74.1 2.57 d (2.1) 72.9 2.46 d (2.1) H-3
2 ND 87.6 H-1, H-3, H2-4
3 62.7 4.83 bd (5.4) 62.3 4.37 m H-3, H2-4
4 128.5 5.62 m 37.6 1.73 m H-3
5 134.2 5.90 ddt (1.0, 15.2, 6.7) 24.9 1.45 m H-3, H2-4, H2-6
6 31.7 2.10 m 29.4 1.34 m H2-4
7 28.3 1.42 m 29.0 1.34 m H2-9
8 29.0 1.42 m 29.0 1.42 m H2-6, H2-9
9 27.8 2.20 m 27.9 2.19 m H-11

10 134.8 5.59 m 135.2 5.60 m H-12, H2-9
11 125.9 6.53 dd (11.2, 10.5) 125.7 6.53 dd (11.4, 12.0) H-13, H2-9
12 133.8 6.59 dd (10.1, 11.2) 133.9 6.58 dd (10.1, 11.4) H-10
13 109.6 5.45 bd (10.1) 109.4 5.44 d (10.1) H-12, H2-16
14 ND 77.8 H-12, H2-16
15 97.2 97.2 H2-16, H2-17
16 19.6 2.39 m 19.6 2.39 m H2-17
17 28.2 1.60 m 28.2 1.60 m H2-16, H2-19
18 28.1 1.55 m 28.1 1.55 m H2-17, H2-19, H-20
19 33.2 2.10 m 33.2 2.09 m H2-17, H2-18, H-20, H2-21
20 138.6 5.80 ddt (17.1, 10.2, 6.7) 138.6 5.82 ddt (17.1, 10.2, 6.8) H2-19
21 114.6 {5.01 dd (17.1, 1.8) 114.7 {5.02 bd (17.1) H2-19

4.96 bd (10.2) 4.96 bd (10.2)
aCDCl3, 300 and 500 MHz. Assignments were supported by 1H-detected heteronuclear multiple-quantum coherence (HMQC), distortionless enhancement
by polarization transfer (DEPT) 135° and 90° experiments.
b1H-Detected heteronuclear multiple-bond coherence (HMBC) (J = 10 Hz).

TABLE 2
NMR Dataa for Compounds 3 and 4

Compound 3 Compound 4
13C 1H HMBCb 13C 1H

Position (ppm) δ, m (J, Hz) 13C to 1H (ppm) δ, m (J, Hz)

1 74.0 2.56 d (2.1) 72.8 2.46 d (2.1)
2 83.2 H-1, H-4 84.6
3 62.8 4.83 d (5.1) H-5 62.3 4.37 dt (1.9, 6.5)
4 128.6 5.63 m H2-6 37.6 1.71 m
5 134.1 5.90 m H-4, H2-6 24.9 1.45 m
6 31.7 2.08 m H-4, H-5 29.3 1.34 m
7 28.3 1.42 m H2-6, H2-8, H2-9 29.3 1.34 m
8 29.0 1.42 m H2-6, H2-7, H2-9 29.0 1.42 m
9 27.8 2.20 m H-11 27.9 2.19 dt (7.3, 6.8)

10 134.9 5.59 m H2-9 135.2 5.60 m
11 125.9 6.52 dd (10.6, 11.5) H2-9, H-13 125.8 6.51 dd (11.6, 10.7)
12 133.9 6.59 dd (10.9, 10.6) H-10 134.0 6.60 dd (11.2, 10.7)
13 109.5 5.44 d (10.9) 109.3 5.44 bd (11.2)
14 78.0 H-11, H-12, H2-16 77.8
15 96.8 H2-16 96.7
16 19.6 2.43 m 19.6 2.43 m
17 24.6 1.69 m H2-16, H2-18 24.6 1.69 m
18 36.1 1.68 m H2-16, H2-17 36.1 1.69 m
19 72.8 4.15 m H2-21 72.8 4.16 m
20 141.0 5.88 m 141.0 5.88 ddd (6.2, 10.4, 17.2)
21 114.8 {5.24 d (17.1) 114.8 {5.24 d (17.1)

5.12 d (10.2) 5.12 d (10.4)
aCDCl3, 300 and 500 MHz. Assignments were supported by 1H-detected HMQC, DEPT 135° and 90° experiments.
b1H-Detected HMBC (J = 10 Hz). For abbreviations see Table 1.



oily residue (1.4 g) that was chromatographed on a Si-gel col-
umn using a petroleum ether/Et2O gradient as eluent. Nine dif-
ferent fractions (A–I) of increasing polarity were collected.
Two selected fractions, D (20.1 mg) and G (26.6 mg), contain-
ing UV-vis spots at Rf 0.7 and 0.25 (light petroleum ether/di-
ethyl ether, 1:1), respectively, were further purified by RP-
HPLC (Phenomenex Kromasil 5µ C18, 4.6 × 250 mm column,
MeOH/H2O, 7:3, flow 1 mL/min). Four pure compounds were
obtained: 1 (3.5 mg) and 2 (4.1 mg) from fraction D, 3 (2.0 mg)
and 4 (2.5 mg) from fraction G.

Physical data for 1–4. Compound 1: oil, [α]D –21.4° (c 0.3,
CHCl3); IR (liquid film) νmax 3320, 2930, 2860 cm–1; UV
(MeOH): λmax 267 (ε = 7,500); 1H  and 13C NMR, see Table 1;
CI-MS (m/z) 279 (M + 1 – H2O), 253 (M + 1 –  H2O – C2H2).
Compound 2: oil, [α]D –6.6° (c 0.4, CHCl3); IR (liquid film)
νmax 3306, 2930, 2860 cm–1; UV (MeOH): λmax 267 (ε =
7,320); 1H and 13C NMR, see Table 1; CI-MS (m/z) 299 (M +
1), 281 (M + 1 – H2O), 273 (M +1 – C2H2); high-resolution
electrospray ionization MS (HRESIMS) on sodiated molecule
[C21H30O + Na]+ found 321.2186, calculated 321.2194. Com-
pound 3: oil, [α]D 1.2° (c 0.1, CHCl3); IR (liquid film) νmax
3390, 3301, 2930, 2865 cm–1; UV (MeOH):  λmax 269 (ε =
8,650); 1H and 13C NMR, see Table 2; CI-MS (m/z) 313 (M +
1), 295 (M + 1 – H2O), 287 (M + 1 – C2H2), 277 (M + 1
– 2H2O). Compound 4: oil, [α]D –2.5° (c 0.2, CHCl3); IR
(liquid film) νmax 3405, 3313, 2932, 2860 cm–1; UV (MeOH):
λmax 269 (ε = 3,600); 1H and 13C NMR, see Table 2; CI-MS
(m/z) 315 (M + 1), 297 (M + 1 – H2O), 289 (M + 1 – C2H2),
279 (M + 1 – 2H2O).

RESULTS AND DISCUSSION

A preliminary NMR analysis revealed that the four molecules
(1–4, Fig. 1) were unsaturated lipids containing triple and dou-
ble bonds and that they were structurally correlated with each
other. In particular, 

1
H NMR spectra were characterized by a

series of signals attributable to olefinic protons (δ 5.0–6.5),
oxygenated methines (δ 4.1–4.8), allylic methylene groups (δ
1.9–2.4), aliphatic methylenes (δ 1.2–1.4), and acetylenic pro-
tons (δ 2.5–3.1). All compounds were quite unstable in com-
mon organic solvents, and degradations occurred as the sam-
ples were held in solution to record NMR spectra. Reisolation
from crude extract and repurification of these molecules were
carried out repeatedly.

The main metabolite, compound 2 (Fig.1), was considered
first. Its molecular formula, C21H30O, was established by analy-
sis of the HRESIMS spectrum containing a sodiated molecule
peak at m/z 321.2189 [calculated 321.2194 for (C21H30O +
Na)]. The CI-MS spectrum showed a base peak at m/z 299 (M
+ 1), along with diagnostic peaks at m/z 281 and 273, corre-
sponding to the ions derived from the molecular ion by loss of
H2O and acetylene, respectively. The presence of six signals at-
tributable to sp2 carbons in the 13C NMR spectrum [δ 109.4 (d,
C-13), 125.7 (d, C-11), 133.9 (d, C-12), 135.2 (d, C-10), 138.6
(d, C-20), and 114.7 (t, C-21)] and of seven multiplets due to
olefinic protons in the 1H NMR spectrum was consistent with

three double bonds, one of which was trisubstituted and the
other two of which were disubstituted. In particular, analysis of
a COSY experiment allowed assignment of  the two broad dou-
blets at δ 5.02 (J = 17.1 Hz) and 4.96 (J = 10.2 Hz), both coupled
with the multiplet at δ 5.82 (ddt, J = 17.1, 10.2, and 6.8 Hz), to
the geminal protons of a terminal double bond (partial structure
a, Fig. 2), whereas the signals at δ 6.53 (dd, J = 11.4 and 12.0
Hz, H-11) and δ 6.58 (dd, J = 10.1 and 11.4 Hz, H-12), which
showed cross-peaks with a multiplet at δ 5.60 (H-10) and a dou-
blet at δ 5.44 (J = 10.1 Hz, H-13), respectively, were attributed
to the two internal protons of a conjugated diene system. The
cis,cis stereochemistry of diene was indicated by both the cou-
pling constants of olefinic protons (J10.11 = 12.0 Hz, J12.13 = 10.1
Hz) and the carbon chemical shift value of methylene linked to
diene (δ 27.9, C-9). The presence of an internal triple bond in
the molecule was indicated by typical sp carbon resonances in
the 

13
C NMR spectrum at δ 97.2 (s, C-15) and 77.8 (s, C-14).

Furthermore, the up-shifted value of C-13 (δ 109.4) was consis-
tent with linking of the internal triple bond to the diene system
leading to a conjugated dienyne group (partial structure b, Fig. 2).
This hypothesis was supported by the UV spectrum, which
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showed an intense absorption at 267 nm (ε = 7,320) that was
consistent with the conjugated dienyne system. An additional
terminal triple bond was indicated by the presence in the 1H
NMR spectrum of a signal at δ 2.46 (d, J = 2.1 Hz, H-1) due to
an acetylene proton and in the 13C NMR spectrum of two reso-
nance values at δ 72.9 (d, C-1) and 87.6 (s, C-2). This triple
bond was suggested to be linked to a carbon bearing a hydroxyl
group (δH 4.37, δC 62.3), as depicted in partial structure c (Fig.
2), by a diagnostic heteronuclear multiple-bond correlation
(HMBC) between C-1 (δ 72.9) and H-3 (δ 4.37). A careful
analysis of 2-D experiments [1H-1H COSY, heteronuclear mul-
tiple-quantum correlation (HMQC), and HMBC] allowed the
assembly of partial structures a, b, and c through a series of
methylene groups, to give structure 2 (Fig. 1).

All proton and carbon resonances were assigned as reported
in Table 1.

Spectral data of compound 1 (Fig. 1) showed strong analo-
gies with those of acetylene 2. Analysis of both CI-MS and 13C
NMR spectra indicated the molecular formula C21H28O, which
exhibited an additional unsaturation degree with respect to
compound 2. The mass spectrum showed a base peak at m/z
279 (M + 1 – H2O), with two mass units less than the correspond-
ing peak in compound 2, whereas in the 13C NMR spectrum eight
signals attributable to sp2 carbons were detected, indicating the
presence in compound 1 of four double bonds instead of three.
Analysis of both 

1
H and 13C NMR spectra revealed that the

groups a and b were also present in the structure of 1, and that
the additional disubstituted double bond [δH 5.62 (m, H-4) and
5.90 (ddt, J = 1.0, 15.2, and 6.7 Hz, H-5); δC 128.5 (C-4) and
134.2 (C-5)] had to be located in the other part of the molecule.
In particular, the chemical shifts of both H-1 and H-3, resonat-
ing at δ 2.57 and 4.83, respectively, were at a lower field com-
pared with the corresponding values of compound 2. In addi-
tion, 1H-1H  COSY correlations that were observed between
the signals at δ 4.83 (H-3) and δ 5.62 (H-4) were coherent with
the location of the double bond near the carbon bearing the hy-
droxyl group, as depicted in partial structure d (Fig. 2). The
trans-stereochemistry of this double bond was deduced by the
coupling constant value of olefinic protons (J4,5 = 15.3 Hz)  and
further supported by the carbon chemical shift value of allylic
methylene (δ 31.7, C-6). Comparison of spectral data for com-
pound 1 with those for 2 and analysis of 1H-1H COSY and
HMQC experiments allowed the assembly of partial structures
a, b, and d, as depicted in structure 1 (Fig. 1), and the assign-
ment of all NMR resonances (Table 1).

The molecular formula of compound 3 (Fig. 1) was
C21H28O2, as deduced by LCMS and 13C NMR spectra. In the
mass spectrum, the base peak was observed at m/z 295 (M +
1 − H2O), along with the molecular peak at m/z 313 (M + 1) and
diagnostic fragmentation ions at m/z 287 (M + 1 – acetylene)
and 277 (M + 1– 2H2O). These data clearly indicated the pres-
ence in the molecule of an additional hydroxyl function, with
respect to compounds 1 and 2. In particular, the 1H NMR spec-
trum of 3 strongly resembled that of compound 1, revealing the
presence of the same partial structures b and d (Fig. 2), whereas
the spin system due to protons of the terminal double bond res-

onated at a lower field [δ 5.88 (m, H-20), 5.24 (d, J = 17.1 Hz,
H-21trans), and 5.12 (d, J = 10.2 Hz, H-21cis)]. Furthermore, a
signal at δ 4.15 (m), which was attributed to the proton linked
to the carbon bearing the additional hydroxyl, was observed to
correlate with H-20 and H2-21, clearly supporting the location
of the additional hydroxyl group at C-19 (partial structure e,
Fig. 2). All spectral data were consistent with structure 3 (Fig.
1). Analogously with compounds 1 and 2, analysis of 2-D ex-
periments (1H-1H COSY, HMQC, and HMBC) supported the
assignment of all NMR resonances as reported in Table 2.

Compound 4 (Fig. 1) had the molecular formula C21H30O2
and showed spectral data strongly similar to those of compound
2. In the CI-MS spectrum, the molecular peak at m/z 315 (M +
1, base peak) was observed along with a series of peaks due to
fragmentation ions at m/z 297 (M + 1 – H2O), 289 (M + 1 –
C2H2) and 279 (M + 1 – 2H2O). The 1H NMR spectrum was
characterized by multiplets that were coherent with the partial
structures b, c, and e (Fig. 2), suggesting that 4 differs from 2
by the presence of an additional hydroxyl function at C-19.
Proton and carbon values of 4 (Table 2) were attributed by di-
rect homo- and heteronuclear experiments (1H-1H COSY and
HMQC).

To establish the absolute configuration at C-3 for com-
pounds 1 and 2, and at both C-3 and C-19 for compounds 3 and
4, we planned to apply the modified Mosher method, accord-
ing to our previous stereochemical studies conducted on petro-
formynes, long-chain polyacetylenes from the sponge Petrosia
ficiformis (16,17). Compounds 2 and 4 were considered. Un-
fortunately, every attempt to obtain a suitable Mosher deriva-
tive of either 2 or 4 failed due to its high instability in solution,
so the absolute stereochemistry at chiral centers remained un-
determined.

The reactivity of lipids 1–4 also prevented the evaluation of
their biological activities. However, it is interesting to note that
this is the first finding of polyacetylenes from a marine ascidian.
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ABSTRACT: This study was conducted to develop a quantita-
tive FTIR spectroscopy method to measure LDL lipid oxidation
products and determine the effect of oxidation on LDL lipid and
protein. In vitro LDL oxidation at 37°C for 1 h produced a range
of conjugated diene (CD) (0.14–0.26 mM/mg protein) and car-
bonyl contents (0.9–3.8 µg/g protein) that were used to produce
calibration sets. Spectra were collected from the calibration set
and partial least squares regression was used to develop calibra-
tion models from spectral regions 4000–650, 3750–3000,
1720–1500, and 1180–935 cm−1 to predict CD and carbonyl
contents. The optimal models were selected based on their stan-
dard error of prediction (SEP), and the selected models were per-
formance-tested with an additional set of LDL spectra. The best
models for CD prediction were derived from spectral regions
4000–650 and 1180–935 cm−1 with the lowest SEP of 0.013 and
0.013 mM/mg protein, respectively. The peaks at 1745 (choles-
terol and TAG ester C=O stretch), 1710 (carbonyl C–O stretch),
and 1621 cm−1 (peptide C=O stretch) positively correlated with
LDL oxidation. FTIR and chemometrics revealed protein confor-
mational changes during LDL oxidation and provided a simple
technique that has potential for rapidly observing structural
changes in human LDL during oxidation and for measuring pri-
mary and secondary oxidation products.

Paper no. L9479 in Lipids 39, 687–692 (July 2004).

Human LDL is a major carrier of plasma cholesterol and plays
an important role in the regulation of cholesterol metabolism.
The LDL particle is spherical with a hydrophobic core of cho-
lesterol esters, mainly cholesterol linoleate, and TAG. The core
is surrounded by a monolayer of phospholipid, mainly PC, and
unesterified cholesterol in which a single apolipoprotein B-100
(apoB-100) molecule is embedded (1). 

Human LDL is more sensitive to oxidation than the other
lipoproteins (2) because of the large proportion of unsaturated
lipids (3). Oxidation of the polyunsaturated lipid in the core of
the LDL particle produces hydroperoxides, which subsequently
decompose to produce low-M.W. compounds, including alde-

hydes (4). These aldehydes modify the apoB-100 by binding to
its lysine residues, resulting in the formation of Schiff bases. Ox-
idative modification of the LDL particle decreases its uptake by
cells in the normal LDL receptor pathway, but it is degraded
rapidly by blood macrophages through the acetyl-LDL receptor.
These macrophages are the precursors of the lipid-laden foam
cells whose presence indicates atherogenesis (5). 

The oxidation of human LDL has been monitored by measur-
ing a wide range of its oxidation products (6). The most commonly
used method is measurement of TBARS. However, the method is
nonspecific for the malondialdehyde it is intended to measure. De-
termination of conjugated diene (CD) is more specific because it
measures one of the primary products of LDL dienoic acid autoxi-
dation. Other methods include measuring apoB-100 fluorescence
(7) and measuring the amount of oxysterols produced by choles-
terol oxidation (6). These methods, however, have low sensitivity
or require extensive sample preparation. 

IR spectroscopy has been used for the investigation of
changes in apoB-100 during LDL oxidation (8) and has pro-
vided insight into the changes in the α-helix, β-sheet, and β-
turn structures. This technique is rapid, requires only a small
sample size (9), and provides information on functional group
composition. IR spectroscopy also can be used as a quantita-
tive technique and has been used to determine the apoB-100
secondary structure of LDL (10,11). However, the application
of IR spectroscopy to the investigation of LDL oxidation has
been mostly qualitative. FTIR with chemometric analysis could
provide a useful tool to quantify lipid oxidation products and
protein changes simultaneously during LDL oxidation.
Chemometric techniques are useful for obtaining information
on chemical structures from complex spectral data (12). Lee et
al. (10) used the methodology of factor analysis and multiple
linear regression, and Dousseau and Pezolet (13) employed
FTIR and a partial least squares (PLS) method to quantify the
secondary structures of LDL proteins. The purpose of this
study was to develop a new approach, based on FTIR and
chemometrics, for measuring human LDL oxidation; this could
be used as a noninvasive clinical diagnostic technique for coro-
nary heart disease and related disorders and could evaluate ef-
ficacies of dietary interventions.

The objectives of the study were (i) to develop a rapid FTIR
technique to measure primary (CD) and secondary (carbonyls)
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LDL lipid oxidation products simultaneously by using chemo-
metric techniques and (ii) to determine the changes in LDL
lipid and apoB-100 structures with oxidation. 

EXPERIMENTAL PROCEDURES

LDL preparation. Blood from four fasting male humans were
obtained in vacutainers containing 1 mg/mL EDTA and cen-
trifuged for 10 min at 2,000 × g to separate the plasma. Human
LDL were isolated from the fresh human plasma by sequential
floating ultracentrifugation according to the modified method
of Jurgens et al. (14), as follows: EDTA plasma was raised to a
density of 1.022 with solid KBr in SW40 tubes and overlay-
ered with a 1.022 solution of KBr containing 0.05% thimerosal
and 0.02% EDTA. The samples were centrifuged for 22 h at
200,000 × g in the SW 40 rotor of a Beckman ultracentrifuge
(Beckman Coulter, Fullerton, CA). The top layer was removed
by tube slicing, and the density of the lower layer was raised to
1.058 with KBr/thimerosal/EDTA solution and overlayered
with the same density KBr solution. The samples were again
centrifuged for 22 h at 200,000 × g. Following tube slicing, the
isolated LDL were dialyzed against 1000 vol of 0.01% EDTA
for 72 h at 4°C.

The protein content of LDL was determined according to
the method of Lowry  et al. (15) with BSA as a standard. LDL
samples were desalted to remove EDTA using 3.5 mL PD-10
gel filtration columns (Supelco, Bellefonte, PA) pre-equili-
brated with phosphate buffer (pH 7.4) immediately before the
oxidation study.

LDL incubation. The in vitro oxidation of LDL was per-
formed by a procedure modified from Esterbauer et al. (16).
All LDL samples were diluted to a final concentration of 50 µg
of protein/mL with EDTA-free phosphate buffer (pH 7.4). Oxi-
dation was initiated by adding freshly prepared CuCl2⋅2H2O
solution (final concentration 5 µmol/L). The IR spectra, CD, and
carbonyls contents were recorded every 3 min for 1 h for the
incubated LDL samples. Samples were incubated in duplicate.

CD determination. The primary products of LDL lipid oxi-
dation were determined by measuring CD absorbance at 234
nm (17) by means of a UV-vis diode array spectrophotometer
(Hewlett-Packard, Palo Alto, CA) using thermostated quartz
cells with a 1.0 cm pathlength. Control LDL incubations were
performed without CuCl2⋅2H2O but with EDTA and BHT
added prior to incubation. 

Total carbonyl determination. The total carbonyl contents
of LDL samples were determined according to the methods of
Yukawa et al. (18). An incubated LDL sample (1 mL) and 1
mL of 2,4-dinitrophenylhydrazine (2,4-DNPH) reagent were
added to a test tube. The tube was stoppered, incubated for 30
min at 50°C, then cooled in an ice bath for 10 min; to this 5.0
mL of 10% KOH/80% ethanol was added. The samples were
then centrifuged at 1300 × g for 20 min at 20°C, and ab-
sorbance was measured at 425 nm. The final data were ex-
pressed as micromoles of carbonyls per milligram of protein
using a molar absorption coefficient of 1.81 × 10–4 M–1 cm–1

for the 2,4-DNPH derivatives. 

IR spectroscopy. Duplicate 30 µL aliquots, drawn every 3
min for 1 h from LDL incubated at 37°C, were evenly spread
on one side of multibounce attenuated total reflectance (ATR)
windows. The aliquots were allowed to dry under a steady
stream of nitrogen to produce films (19). The spectra of the
phosphate buffer used to dilute the LDL samples were also col-
lected under the same conditions as the LDL sample spectra.
FTIR spectra of the films were recorded at 22°C using a Nexus
670 spectrometer (Thermo Electron Corp., Madison, WI)
equipped with a deuterated triglycine sulfate detector scanning
over the frequency range of 4000–400 cm–1 at a resolution of 4
cm–1. Spectra were collected by using rapid scan software run-
ning under OMNIC (Nicolet, Madison, WI), and the spectrum
for each sample was calculated from the average of 100 repeti-
tive scans. The internal reflection element was a Spectra-Tech
ZnSe ATR trough plate crystal with an aperture angle of 45°
generating seven bounces. A reference background absorbance
spectrum was taken by scanning the clean and dry ATR crys-
tal. Difference spectra obtained by subtraction of the phosphate
buffer spectrum from the spectrum of LDL samples were re-
ported and used for PLS model development. 

Spectral transformation. FTIR spectral data were converted
into numerical data, transferred to a MS Excel file, and linked
to the CD and carbonyl data. The MS Excel file was imported
into the chemometrics software, The Unscrambler (Camo,
Trondheim, Norway). 

Variance spectrum. A total of 84 FTIR spectra were gener-
ated from the incubated LDL samples, which had a range of
CD and carbonyl contents. A set of eight FTIR spectra repre-
senting different degrees of LDL oxidation were randomly se-
lected and kept out of the calibration set to be used for external
validation of the models. The remaining 76 FTIR spectra were
used as the calibration set for LDL CD and carbonyls. Each
spectrum represents the mean of duplicate spectra of a sample.
FTIR spectral data were pretreated by mean centering and
weighting by their SD. To determine the regions most appro-
priate for model development, spectra were examined to iden-
tify regions where the most changes occurred. Spectral regions
with the highest degree of change were determined by obtain-
ing the variance spectrum and plotted. PLS models were de-
rived by taking second derivatives (nine-point Savitzky–Golay
derivatives) of the original absorption spectra using the IR
spectral region 4000–650 cm–1, and regions 3750–3000,
1720–1500, and 1180–935 cm–1 identified by the variance
spectrum.

PLS. The PLS regression analysis is based on optimizing a
set of partial (separate) submodels by minimizing their lack-of-
fit residuals through the principles of least squares (20). PLS is
advantageous relative to the other IR analysis methods because
it can model baseline variations and some types of nonlinearity
associated with Beer’s law. Detection of outliers from spectral
residuals is also possible, and chemically interpretable spectral
information can be obtained since PLS is a full-spectrum ap-
proach (21). 

PLS is a bilinear regression model that projects a set of in-
dependent x-variables onto a few PLS components (22). The
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PLS components, also known as “factors” or “latent variables,”
are extracted by means of noniterative partial least squares re-
gressions on the x-variables and then used as regressors for the
y-variable. PLS establishes a relationship between a single y-
variable and set of x-variables, which can be represented by the
polynomial

y = b0 + b1x1 + b2x2 + bnxn + E [1]

where y is the vector of the dependent variable (in this study,
reference data for LDL CD or carbonyls), x1–xn are the ab-
sorbances at the selected wavenumbers, b0–bn are the regres-
sion coefficients vectors (b0 is the intercept), and E is the resid-
ual matrix (error not accounted for by the model). The optimal
number of PLS factors was determined by computing the pre-
diction error sum of squares (PRESS) (22). The number of fac-
tors that gave the minimal PRESS for each model was used.

PLS regression analysis was performed for those spectral
regions identified in the variance spectrum to obtain prediction
models for CD and carbonyls and show how protein and lipid
groups relate to LDL oxidation. The PLS calibration obtained
was tested by “leave-one-out” full cross-validation and jack-
knifing as described by Lam et al. (23). Briefly, the data were
restructured to stress the variation between the different spec-
tra in such a way that this variation maximally correlated with
variation in the CD and carbonyl contents. Models to correlate
the restructured spectral data and the response variable were
developed for leave-one-out calibration samples followed by
the prediction of the sample left out by the model. The process
was repeated for every sample in order to calculate an accurate
prediction error. The results were reported as a weighted re-
gression coefficient profile of the calibration model that shows
regions of the LDL spectrum that correlated with the CD and
carbonyl contents. Standardization was done by weighting the
absorbances at a given wavelength with the reciprocal of their
SD. The optimal model obtained to predict CD and the optimal

model to predict carbonyl contents were selected and used to
determine oxidation levels of additional LDL samples. These
data were then correlated with those obtained by UV-vis spec-
trophotometry, as an external validation of the method. 

RESULTS AND DISCUSSION

Human LDL carbonyls and CD analysis. The CD content of
the LDL calibration set as determined by UV-vis analysis
ranged from 0.14 mM/mg protein prior to incubation to 0.26
mM/mg protein after 1 h of incubation. The total carbonyl con-
tent ranged from 0.9 to 3.8 µg/g protein after 1 h of incubation. 

IR spectroscopy. Figure 1A is a typical FTIR spectrum of
an LDL film and shows high absorbance at wavenumbers char-
acteristic of lipid and protein functional groups. The band cen-
tered at 3280 cm–1 corresponds to stretching of the N–H groups
in the peptide linkage of the polypeptide chain and proteins of
the apoB-100 (19). The dominant features between 3000 and
2800 cm–1 are attributable to the symmetric and asymmetric
stretching vibrations of the lipid acyl CH2 groups. The band at
1740 cm–1 arises predominantly from the ester C=O groups of
LDL lipids. The absorptions present in the 1660–1500 cm–1 re-
gion arise from C=O stretching (1652 cm–1, amide I band) and
N–H bending (1550 cm–1, amide II band) vibrations of the pep-
tide group in apoB-100. The band in the 1300–1000 cm–1 re-
gion represents P=O symmetric and asymmetric and P–O–C
vibrations of phospholipid groups and ester C–O–C stretching
vibrations of phospholipids, cholesterol esters, and TAG (24). 

Variance spectrum. To determine the variability of the LDL
spectra relative to the mean LDL spectrum, a variance spec-
trum was obtained. The variance spectrum (Fig. 1B) identified
the spectral regions with the most significant degree of varia-
tion that could be used to develop predictive models (25). The
spectral regions identified as having the most variability were
at 3750–3000 (due to N–H stretching), 1720–1500 (arising
from C=O stretching and N–H bending of peptide groups), and
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FIG. 1. (A) A Typical FTIR spectrum of LDL film identifying the relevant peaks associated with absorbance of groups in protein and lipids; (B) vari-
ance spectrum of 84 LDL samples showing the spectral regions with high degrees of variation from the overall mean spectrum.



1180–935 cm–1 (due to asymmetric and symmetric stretching
of ester C–O–C and PO2

− of the phosphodiester group) (24).
The changes identified by the variance spectrum could be due
to exposure of the cholesterol and TAG esters that were previ-
ously in the interior of the LDL molecule and alteration in the
phospholipid monolayer on the surface, suggesting disruption
of the LDL complex. 

PLS regression. The weighted regression coefficients as-
signed by PLS to the CD and carbonyls are presented in Figure
2. Figure 2A shows the most important wavenumbers related
to the variability of CD and includes spectral regions associ-
ated with specific functional groups in LDL. The spectral peaks
due to N–H at 3280 cm–1, ester C=O stretching at 1745 cm–1,
unordered peptide C=O stretching at 1656 cm–1, and PO2

– dou-
ble-bond stretching at 1120 cm–1 received positive regression
coefficients (Fig. 2A), indicating that they correlated positively
with LDL CD formation. The data confirm earlier findings that
random or unordered structures are formed from the α-helix
structure of the apoB-100 protein in oxidized LDL (26). The
positive correlation for ester C=O absorbance with CD forma-
tion suggests that cholesterol ester and TAG interactions with
IR radiation increased as LDL oxidation proceeded. This is fur-
ther evidence that cholesterol ester and TAG, located at the
LDL core, became exposed as oxidation proceeded.  

The peak at 1710 cm–1, associated with lipid carbonyl

stretches (27), and 1656 cm–1, assigned to an asymmetric amide
I band (peptide C=O, random structure), was positively corre-
lated with the formation of carbonyls in LDL (Fig. 2B). A posi-
tive correlation for the peak at 1710 cm–1 during LDL oxidation
would imply that the carbonyl groups associated with this peak
are probably those found in lipid oxidation products of LDL such
as aldehydes and ketones (4). The positive correlation at 1656
cm–1 could have resulted from transition in the LDL peptide
structures during LDL oxidation. Herzyk et al. (8) reported that
a random secondary structure is formed from the LDL protein
α-helix during LDL oxidation. 

PLS models for CD and carbonyls. The PLS models for CD
and carbonyls obtained using different spectral regions, including
the optimal number of factors used, are summarized in Table 1.
The PLS models for CD prediction generated from the spectral
regions 4000–650 and 1180–935 cm–1 yielded analytical results
with the lowest SEP, 0.013 and 0.012 mM/mg protein, respec-
tively. This finding is in agreement with our previous work (23),
where we found that analysis of the whole IR spectral region
(4000–400 cm–1) resulted in a better PLS model for predicting
FFA on milled rice surfaces. The analysis of the 1720–1500 cm–1

spectral region gave the best PLS model for total carbonyl pre-
diction with the lowest SEP of 0.73 µg/g protein.

External validation. The prediction capabilities of the opti-
mal PLS models, 4000–650 cm–1 for CD and 1720–1500 cm–1
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FIG. 2. Weighted regression coefficients of the calibration model showing LDL spectral regions that correlate with (A) conjugated diene content
and (B) carbonyl content.

TABLE 1
Prediction Errors Obtained from Different PLS Models and the Number of Factors Useda

CD Carbonyls

Spectral region (cm–1) SEC SEP PLS factorsb SEC SEP PLS factors

4000–650 0.009 0.013 10 0.55 0.77 10
3750–3000 0.012 0.015 12 0.56 0.79 15
1720–1500 0.013 0.015 10 0.44 0.73 9
1180–935 0.008 0.012 9 0.52 0.74 10
aSEC, standard error of calibration; SEP, standard error of prediction; PLS, partial least squares; CD,
conjugated diene.
bNumber of factors included in the PLS optimal calibration models.



for carbonyls, were tested by using the models to predict degrees
of LDL oxidation for the eight FTIR spectra left out of the cal-
ibration set. Figure 3A shows the correlation curve between the
LDL CD contents measured by absorbance at 234 nm and
those predicted by the PLS model; a high correlation with an
R2 of 0.91 and prediction error of 0.01 was obtained. Figure 3B
presents the correlation plot for PLS predicted and LDL total
carbonyls as measured by UV-vis spectrophotometry. The data
also yielded a high R2 of 0.98 and prediction error of 0.10. The
correlation coefficient for predicting carbonyl content was
higher than that of CD content, partly due to the narrow range
of CD content of LDL test set.

This study demonstrated that FTIR spectroscopy in combina-
tion with multivariate analysis can provide a simple and rapid
method for measuring LDL primary and secondary lipid oxi-
dation products. The technique also provided insight into how
oxidation affects protein and lipids in the LDL complex. The
technique requires a small LDL aliquot (30 µL) and analysis
takes just 4 min, which makes it a potential alternative method
for measuring LDL oxidation.
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Re: Nomenclature of trans-Fatty Acids

Plea for Using the Term n-7 Fatty Acids in Place of
C18:2cis-9,trans-11, and C18:1trans-11 or Their Trivial
Names Rumenic Acid and Vaccenic Acid Rather
than the Generic Term Conjugated Linoleic Acids

Sir:
Since the nineties of the former century an ever increasing num-
ber of papers about conjugated linoleic acid (CLA) is published
yearly. From 1999 on it has become clear that different CLA-iso-
mers have different physiological effects (1). This means that re-
ferring to CLA in general, and especially when CLA in milk fat
is dealt with, it would be better to state clearly which isomer is
meant. For milk, C18:2cis-9,trans-11 or rumenic acid is the main
isomer and this name should be preferably used instead of the
term CLA. It can be foreseen that in the future, the term CLA
might be associated with negative health effects, as a result of
the liver-fattening and liver-enlarging effects of CLA trans-
10,cis-12 found in experimental animals (2,3). This could nega-
tively influence the health image of dairy products.

Similarly, for C18:1trans-11 the name “vaccenic acid”
could be used to avoid negative associations with trans fatty
acids in general.

Rumenic acid and vaccenic acid have similar, positive
health effects. Because rumenic acid and vaccenic acid are
both omega-7, or n-7 fatty acids, which are naturally almost
only present in milk and meat from ruminants, it could be ad-
vantageous to refer to them as n-7 fatty acids, or use their in-

dividual trivial names, in order to avoid confusion with other
CLA-isomers or trans fatty acids.

Other n-7 fatty acids occur only sparsely in fats and oils
(http://msdlocal.ebi.ac.uk/docs/chem_comp/fatty_acids.html)
and their physiological effects are not well documented. Be-
cause these rare fatty acids are almost absent in the human
diet, the term “n-7 fatty acids” would be appropriate to char-
acterize rumenic and vaccenic acid as highly interesting com-
ponents with positive health effects in milk fat.
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LETTERS TO THE EDITOR

The use of Total trans-11 Containing FA, Rather than
Total “n-7” FA, Is Recommended to Assess the Content
of FA with a Positive Health Image in Rumiant Fats

Sir:
Ellen and Elgersma (1) recently expressed concern that the
term conjugated linoleic acids (CLA) is too vague. They en-
couraged the naming of individual isomers to avoid inclusion
of isomers with a possible negative health image. They then
proposed the term “n-7” FA, which they believed would en-
compass all beneficial CLA isomers and their precursors. A
similar “n-x” designation is commonly used to identify natu-
rally occurring unsaturated FA such as oleic (n-9), linoleic
(n-6), and α-linolenic acid (n-3) and their family acids.

We previously questioned the accuracy of using the term
CLA to describe conjugated FA and suggested that the term
conjugated fatty acids (CFA) would be a more appropriate
name, since CFA do not fit the strict definition of linoleic acid
(cis-9,trans-12 octadecadienoic acid; c9,t12-18:2; or 18:2n-6)
(2). We proposed the name “rumenic acid” (cis-9,trans-11 oc-
tadecadienoic acid; c9,t11-18:2) for the most abundant CFA
isomer present in all ruminant fats (3).

We find use of the proposed “n-7” terminology (1) to en-
compass the beneficial CFA and their precursors unacceptable
for the following reasons: (i) the “n-7” term is an incorrect

usage of the “n-x” nomenclature; (ii) it is misleading; (iii) it in-
cludes potentially undesirable isomers (iv) while excluding
others; and (v) the lack of caution to the reader regarding the
use of appropriate analytical methods to determine rumenic and
vaccenic acids may perpetuate the reporting of inaccurate data.

(i) The “n-x” (or ω-x) nomenclature was introduced as a
convenient shorthand form to express metabolic conversions
of the oleic (n-9), linoleic (n-6), and α-linolenic (n-3) acid
families, where “n” is the chain length and “x” specifies the
first double bond in the chain counting from the methyl end
of the FA molecule. This terminology has two inherent as-
sumptions: All double bonds are in the cis configuration, and
if more than one double bond is involved, all double bonds
are separated by methylene groups (methylene-interrupted).
To use this “n-x” nomenclature to describe rumenic and
vaccenic acids is incorrect because both of these FA are trans
FA, and because the double bonds in rumenic acid are conju-
gated, not methylene-interrupted. One could modify the “n-x”
term for unsaturated FA to “m-x” for CFA. However, such a
new term would require additional specification of the conju-
gated double bond system, since each positional CFA isomer
consists of four geometrical CFA isomers (c,t, t,c, c,c, t,t).

(ii) The authors indicate that the “n-7” FA are rare and
occur only in dairy fats. Since the authors did not distinguish
between all cis-containing “n-7” FA and trans-containing



“n-7” FA, this statement is misleading. Cis “n-7” FA, such as
16:1n-7 and 18:1n-7, are ubiquitous constituents of oilseed and
animal lipids, whereas trans-containing “n-7” FA admittedly
occur generally in dairy fats. Furthermore, by not distinguishing
between “cis” and “trans” “n-7” FA, the authors leave the im-
pression that “n-7” FA are similar, which is not the case. In nat-
ural products, cis “n-7” FA are generally produced by ∆9 de-
saturation of palmitic acid (16:0), giving rise to c9-16:1 (16:1n-
7), followed by chain elongation to c11-18:1 (18:1n-7). On the
other hand, the “n-7” FA containing a trans double bond are
produced by isomerization and biohydrogenation of linoleic,
α-linolenic, or γ-linolenic acids in rumen bacteria (4).

(iii) The authors thought that only the potentially benefi-
cial CFA would be encompassed by using the “n-7” terminol-
ogy (1). Unfortunately, “n-7” by definition includes all four
naturally occurring geometric isomers of 9,11-18:2 (c9,t11-
18:2; t9,c11-18:2; c9,c11-18:2; and t9,t11-18:2), all of which
are present in dairy fats (5). However, except for c9,t11-18:2,
little is known about the other “n-7” CFA.  There is evidence
to suggest that all the 9,11-CFA isomers have different effects
based on the differences in platelet aggregation reported re-
cently between c9,c11-, c9,t11-, and t9,t11-18:2 (6).

(iv) The production of the “t11” double bond in the rumen ap-
pears to be unique. In ruminants fed exclusively on pasture, vir-
tually all the CFA (c9,t11-18:2; t11,c13-18:2; t11,t13-18:2;
t9,t11-18:2) and trans-18:1 (t11-18:1) isomers contain the “t11”
double bond. A very high content of these “t11” FA relative to
the other isomers was reported in dairy cows raised at high alti-
tudes in the Alps (7), and in grass fed to yak (8) and musk oxen
(9). In fact, the “t11” double bond appears to reflect a “healthy
rumen” and provides a more reasonable justification to assess
the total beneficial CFA (plus precursors) in ruminant fats. On
the other hand, the “n-7” designation does not include any of the
11,13 CFA isomers since they are all “n-5” (or “m-5”) FA.

To include the “n-5” FA as those having a positive health
image has no scientific basis and demonstrates why we object
to the “n”  nomenclature. Take, for instance, the two 11,13
CFA isomers t11,c13-18:2 and c11,t13-18:2, both of which
are “n-5” FA.  The former is found in ruminant fats (2,5) and
may prove to be beneficial; see above. The latter is present in
commercial CFA preparations (2,5) and has been associated
with a negative image since it accumulates in tissue phospho-
lipid classes, but particularly in diphosphatidylglycerol (car-
diolipin) of pigs fed commercial CFA mixtures (10). This is
of particular concern since diphosphatidylglycerol is a major
component in inner mitochondrial membranes (10).

(v) This Letter to the Editor (1) is very unfortunate since it
refers to rumenic and vaccenic acids without cautioning the
reader to use proper methods for their analyses. The major
CFA peak, as determined by GC, is usually designated as
c9,t11-18:2, even though it is well known to include a sub-
stantial amount of another CFA isomer (t7,c9-18:2), which
can only be resolved by silver-ion HPLC (2,5,8,11). To report
the value of the GC peak “rumenic acid” without removing
the contribution of t7,c9-18:2 leads to overestimation of rumenic
acid. Furthermore, determining the trans-18:1 isomer compo-
sition is an estimate at best even when using a 100-m highly

polar capillary column (see Fig. 1 below). The resolution of
all trans-18:1 requires a prior separation of the trans fraction
by silver-ion TLC followed by GC analysis at low-tempera-
ture isothermal conditions (8). Therefore, not to caution the
reader to use proper analyses for both rumenic and vaccenic
acids propagates the general use of inappropriate methods and
reporting of inaccurate data.

Based on these arguments, we recommend that total “t11”,
rather than total “n-7”, be used to assess the content of CFA
and trans-18:1 isomers with a positive health image, as pro-
posed by Ellen and Elgersma (1). The source of all “t11”-
containing FA are rumen bacteria  (i.e., Butyrivibrio fibrisol-
vens) that first isomerize the c12 double bond of unsaturated
C18 FA, followed by successive biohydrogenation processes
(4). In pasture-fed ruminants, the main trans-18:1 isomer is
t11-18:1, whereas virtually all CFA are “t11”-containing FA.
The exact biosynthetic pathway for the 11,13-CFA present in
milk fat (t11,c13- and t11,t13-18:2) remains unknown, al-
though it has been suggested that they are derived from α-
linolenic acid (7). Furthermore, it is not clear whether t11,t13-
18:2 is also a rumen metabolite or an artifact of the methylation
procedure. The latter is highly unlikely since a base catalyst
was used (12) for methylation. In addition, t11-18:1 is resyn-
thesized to rumenic acid by ∆9 desaturase in most tissues of
ruminants, mono-gastric animals, and humans.

The high content of “t11”-containing FA in tundra-grazed
musk oxen is clearly demonstrated in the partial trans-18:1
(t4- to t12-18:1) and the complete CFA profiles obtained by
GC.  Figure 1 shows a comparison of backfat analyzed from
pasture-fed musk ox and beef that were finished in feedlots
on a high-concentrate diet. The FA composition of musk ox
shows the high content of the “t11” containing CFA (95%)
and t11-18:1 (56%) relative to total CFA and trans-18:1 (85%
relative to the t4- to t12-18:1, i.e., the region shown in Fig. 1),
respectively (9). Similar results were reported by Kraft et al.
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FIG. 1. A partial GC profile of the trans-18:1 (from t4- to t12-18:1) and
conjugated fatty acid (CFA) region obtained from the FA analysis of
backfat taken from tundra-grazed musk oxen and feedlot-finished beef
fed a high-concentrate diet (9). See References 8, 10, and 12 for de-
tailed GC conditions, column (100 m, CP Sil 88), and temperature pro-
gram (45 to 215°C). The methyl ester of 21:0 elutes in the CFA region
(2,8,10,12) and is prominent in tundra-grazed musk oxen.



(7). Even though the pathway of the formation of some “t11”
CFA and their biochemical/pathological responses remains
unknown, the “t11”-containing FA clearly reflect the bio-
chemical processes in the healthy rumen and are associated
with a “natural” and a positive image. We hypothesize that
most, if not all, of the “t11”-containing FA in ruminant fats
may prove to be equally beneficial to monogastric animals
and humans.

REFERENCES

1. Ellen, G., and Elgersma, A. (2004) Plea for Using the Term n-7
Fatty Acids for C18:2cis-9,trans-11 and C18:1trans-11 or Their
Trivial Names Rumenic Acid and Vaccenic Acid Rather Than the
Generic Term Conjuaged Linoleic Acids, J. Dairy Sci. 87, 1131.

2. Kramer, J.K.G., Sehat, N., Fritsche, J., Mossoba, M.M., Eulitz,
K., Yurawecz, M.P., and Ku, Y. (1999)  Separation of Conju-
gated Linoleic Acid Isomers, in Advances in Conjugated
Linoleic Acid Research, Volume 1 (Yurawecz, M.P., Mossoba,
M.M., Kramer, J.K.G., Pariza, M.P., and Nelson, G.J., eds.), pp.
83–109, AOCS Press, Champaign.

3. Kramer, J.K.G., Parodi, P.W., Jensen, R.G., Mossoba, M.M.,
Yurawecz, M.P., and Adlof, R.O. (1998) Rumenic Acid: A Pro-
posed Common Name for the Major Conjugated Linoleic Acid
Isomer Found in Natural Products, Lipids 33, 835.

4. Griinari, J.M., and Bauman, D.E. (1999) Biosynthesis of Conjugated
Linoleic Acid and Its Conversion into Meat and Milk in Ruminants,
in Advances in Conjugated Linoleic Acid Research, Volume 1 (Yu-
rawecz, M.P., Mossoba, M.M., Kramer, J.K.G., Pariza, M.P., and
Nelson, G.J., eds.), pp. 180–200, AOCS Press, Champaign.

5. Sehat, N., Kramer, J.K.G., Mossoba, M.M., Yurawecz, M.P.,
Roach, J.A.G., Eulitz, K., Morehouse, K.M., and Ku, Y. (1998)
Identification of Conjugated Linoleic Acid Isomers in Cheese
by Gas Chromatography, Silver Ion High-Performance Liquid
Chromatography and Mass Reconstructed Ion Profiles. Compari-
son of Chromatographic Elution Sequences, Lipids 33, 963–971.

6. Al-Madaney, M.M., Kramer, J.K.G., Deng, Z., and Vanderhoek,
J.Y. (2003) Effects of Lipid-Esterified Conjugated Linoleic Acid
Isomers on Platelet Function: Evidence for Stimulation of
Platelet Phospholipase Activity, Biochim. Biophys. Acta 1635,
75–82.

7. Kraft, J., Collomb, M., Möckel, P., Sieber, R., and Jahreis, G.

(2003) Differences in CLA Isomer Distribution of Cow’s Milk
Lipids, Lipids 38, 657–664.

8. Cruz-Hernandez, C., Deng, Z., Zhou, J., Hill, A.R., Yurawecz,
M.P., Delmonte, P., Mossoba, M.M., Dugan, M.E.R., and Kramer,
J.K.G. (2004) Methods for Analysis of Conjugated Linoleic Acids
and trans 18:1 Isomers in Dairy Fats by Using a Combination of
Gas Chromatography, Silver-Ion Thin-Layer Chromatography/Gas
Chromatography, and Silver-Ion Liquid Chromatography, J. AOAC
Int. 87, 545–562.

9. Dugan, M.E.R., Robertson, W.M., Rolland, D.C., and Kramer,
J.K.G. (2004). The Fatty Acid Composition of Muskox Relative
to Beef Backfat Including the Conjugated Linoleic and trans-
Monoene Composition, Can. J. Anim. Sci. 84, in press.

10. Kramer, J.K.G., Sehat, N., Dugan, M.E.R., Mossoba, M.M., Yu-
rawecz, M.P., Roach, J.A.G., Eulitz, K., Aalhus, J.L., Schaefer,
A.L., and Ku, Y. (1998) Distribution of Conjugated Linoleic
Acid (CLA) Isomers in Tissue Lipid Classes of Pigs Fed a Com-
mercial CLA Mixture Determined by Gas Chromatography and
Silver Ion High-Performance Liquid Chromatography, Lipids
33, 549–558.

11. Yurawecz, M.P., Roach, J.A.G., Sehat, N., Mossoba, M.M.,
Kramer, J.K.G., Fritsche, J., Steinhart, H., and Ku, Y. (1998) A
New Conjugated Linoleic Acid Isomer, 7trans,9cis-Octadeca-
dienoic Acid, in Cow Milk, Cheese, Beef and Human Milk and
Adipose Tissue, Lipids 33, 803–809.

12. Kramer, J.K.G., Fellner, V., Dugan, M.E.R., Sauer, F.D.,
Mossoba, M.M., and Yurawecz, M.P. (1997)  Evaluating Acid
and Base Catalysts in the Methylation of Milk and Rumen Fatty
Acids with Special Emphasis on Conjugated Dienes and Total
trans Fatty Acids, Lipids 32, 1219–1228.

[Received March 11, 2004; accepted October 1, 2004]

John K.G. Kramera,*, Cristina Cruz-Hernandezb,
Mamun Or-Rashida, and Michael E.R. Duganc

aFood Research Program, Agriculture and Agri-Food Canada,
Guelph, Ontario, Canada, bDepartment of Food Science,
University of Guelph, Guelph, Ontario, Canada,
and cLacombe Research Center, Agriculture and
Agri-Food Canada, Lacombe, Alberta, Canada

*To whom correspondence should be addressed at Food Research Program,
Agriculture and Agri-Food Canada, 93 Stone Road West, Guelph, Ontario,
Canada. E-mail: kramerj@agr.gc.ca

LETTERS TO THE EDITOR 695

Lipids, Vol. 39, no. 7 (2004)

Response from Authors

Sir:
First of all, we welcome the initiative of Lipids to provide a
platform for discussion of the nomenclature of PUFA.

We appreciate the attention and welcome the support of
Kramer et al. (1) regarding our idea (2) that most (if not all) of
the trans n-7 (or t11) FA in ruminant fats are beneficial to mono-
gastrics including humans. It appears there is a great similarity
between their ideas and ours, including question marks pertain-
ing to the use of the term CLA (albeit for different reasons) as
well as the plea for naming of the individual isomers.

The authors state that we proposed the term “n-7” FA and that
we believed this term would encompass all beneficial CLA iso-
mers and their precursors. However, we indicated only that both
the major CLA isomer in milk, rumenic acid (RA), and its pre-
cursor, trans-vaccenic acid (TVA), are indeed trans n-7 FA. These
trans n-7 (or t11) FA are naturally present almost exclusively in

milk and meat from ruminants. We also mentioned that other (cis
and trans) n-7 FA do exist but occur only sparsely in fats and
oils, and that they are almost absent in the human diet. 

The detailed criticism by Kramer et al. (1) concerning our
proposed n-7 terminology contains five aspects (i–v).

Point (i). We are aware that, strictly speaking, the “n-x”
designation applies only to cis-unsaturated FA. The recommen-
dation in 1967 of the International Union of Pure and Applied
Chemistry (IUPAC)–International Union of Biochemistry and
Molecular Biology (IUB) Joint Commission on Biochemical
Nomenclature (JBN) to replace the “omega” symbol with “n-x”
mentioned that this applies to FA with cis double bonds. In-
deed, TVA and RA have the double bond between C11 and
C12 in the trans configuration, which is nearly unique for ru-
minant fats. We agree that this should have been added to our
proposal, which would then become “trans n-7 FA.” The term
“trans n-7 FA” would overcome the problem that, by conven-
tion, the “n-x” designation applies to cis FA. Just as the prefix



Re: Nomenclature of trans-Fatty Acids

Plea for Using the Term n-7 Fatty Acids in Place of
C18:2cis-9,trans-11, and C18:1trans-11 or Their Trivial
Names Rumenic Acid and Vaccenic Acid Rather
than the Generic Term Conjugated Linoleic Acids

Sir:
Since the nineties of the former century an ever increasing num-
ber of papers about conjugated linoleic acid (CLA) is published
yearly. From 1999 on it has become clear that different CLA-iso-
mers have different physiological effects (1). This means that re-
ferring to CLA in general, and especially when CLA in milk fat
is dealt with, it would be better to state clearly which isomer is
meant. For milk, C18:2cis-9,trans-11 or rumenic acid is the main
isomer and this name should be preferably used instead of the
term CLA. It can be foreseen that in the future, the term CLA
might be associated with negative health effects, as a result of
the liver-fattening and liver-enlarging effects of CLA trans-
10,cis-12 found in experimental animals (2,3). This could nega-
tively influence the health image of dairy products.

Similarly, for C18:1trans-11 the name “vaccenic acid”
could be used to avoid negative associations with trans fatty
acids in general.

Rumenic acid and vaccenic acid have similar, positive
health effects. Because rumenic acid and vaccenic acid are
both omega-7, or n-7 fatty acids, which are naturally almost
only present in milk and meat from ruminants, it could be ad-
vantageous to refer to them as n-7 fatty acids, or use their in-

dividual trivial names, in order to avoid confusion with other
CLA-isomers or trans fatty acids.

Other n-7 fatty acids occur only sparsely in fats and oils
(http://msdlocal.ebi.ac.uk/docs/chem_comp/fatty_acids.html)
and their physiological effects are not well documented. Be-
cause these rare fatty acids are almost absent in the human
diet, the term “n-7 fatty acids” would be appropriate to char-
acterize rumenic and vaccenic acid as highly interesting com-
ponents with positive health effects in milk fat.
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The use of Total trans-11 Containing FA, Rather than
Total “n-7” FA, Is Recommended to Assess the Content
of FA with a Positive Health Image in Rumiant Fats

Sir:
Ellen and Elgersma (1) recently expressed concern that the
term conjugated linoleic acids (CLA) is too vague. They en-
couraged the naming of individual isomers to avoid inclusion
of isomers with a possible negative health image. They then
proposed the term “n-7” FA, which they believed would en-
compass all beneficial CLA isomers and their precursors. A
similar “n-x” designation is commonly used to identify natu-
rally occurring unsaturated FA such as oleic (n-9), linoleic
(n-6), and α-linolenic acid (n-3) and their family acids.

We previously questioned the accuracy of using the term
CLA to describe conjugated FA and suggested that the term
conjugated fatty acids (CFA) would be a more appropriate
name, since CFA do not fit the strict definition of linoleic acid
(cis-9,trans-12 octadecadienoic acid; c9,t12-18:2; or 18:2n-6)
(2). We proposed the name “rumenic acid” (cis-9,trans-11 oc-
tadecadienoic acid; c9,t11-18:2) for the most abundant CFA
isomer present in all ruminant fats (3).

We find use of the proposed “n-7” terminology (1) to en-
compass the beneficial CFA and their precursors unacceptable
for the following reasons: (i) the “n-7” term is an incorrect

usage of the “n-x” nomenclature; (ii) it is misleading; (iii) it in-
cludes potentially undesirable isomers (iv) while excluding
others; and (v) the lack of caution to the reader regarding the
use of appropriate analytical methods to determine rumenic and
vaccenic acids may perpetuate the reporting of inaccurate data.

(i) The “n-x” (or ω-x) nomenclature was introduced as a
convenient shorthand form to express metabolic conversions
of the oleic (n-9), linoleic (n-6), and α-linolenic (n-3) acid
families, where “n” is the chain length and “x” specifies the
first double bond in the chain counting from the methyl end
of the FA molecule. This terminology has two inherent as-
sumptions: All double bonds are in the cis configuration, and
if more than one double bond is involved, all double bonds
are separated by methylene groups (methylene-interrupted).
To use this “n-x” nomenclature to describe rumenic and
vaccenic acids is incorrect because both of these FA are trans
FA, and because the double bonds in rumenic acid are conju-
gated, not methylene-interrupted. One could modify the “n-x”
term for unsaturated FA to “m-x” for CFA. However, such a
new term would require additional specification of the conju-
gated double bond system, since each positional CFA isomer
consists of four geometrical CFA isomers (c,t, t,c, c,c, t,t).

(ii) The authors indicate that the “n-7” FA are rare and
occur only in dairy fats. Since the authors did not distinguish
between all cis-containing “n-7” FA and trans-containing



(7). Even though the pathway of the formation of some “t11”
CFA and their biochemical/pathological responses remains
unknown, the “t11”-containing FA clearly reflect the bio-
chemical processes in the healthy rumen and are associated
with a “natural” and a positive image. We hypothesize that
most, if not all, of the “t11”-containing FA in ruminant fats
may prove to be equally beneficial to monogastric animals
and humans.
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proposal, which would then become “trans n-7 FA.” The term
“trans n-7 FA” would overcome the problem that, by conven-
tion, the “n-x” designation applies to cis FA. Just as the prefix



“conjugated” in CLA stipulates that we are not dealing with
real linoleic acid but with a closely related compound, the
prefex “trans” would indicate that these FA are not regular
“n-x” FA, but something special.

In general, the ∆-designation is used by chemists, whereas
nutritionists prefer the “n-x” designation, because it allows
one to link diet with tissue FA composition. Both systems can
unequivocally define any unsaturated FA. Because nutrition-
ists have much more interaction with the general public, the
generic term “omega fatty acids” is widely known.

In addition, if the “n-x” terminology has a biological meaning,
in the case of trans n-7, its spatial structure—with a bend causing
an apolar “tail” of seven-carbon atoms at the methyl end of the
molecule—this could perhaps be essential for its functioning.
After cleaving, the specific length and/or spatial structure of the
fragments might also have functional relevance, but as we are no
experts in this field, we would welcome other scientists to reflect
on this hypothesis.

Point (ii). The improved name “trans n-7 FA” is more spe-
cific and excludes cis n-7 FA.

Point (iii). Indeed, all 9,11 isomers could have different
effects, and knowledge is lacking on their precise biological
functions. The improved name “trans n-7 FA” excludes the
t9,c11 and c9,c11 18:2 isomers but does include the t9,t11
18:2 isomer (as would the term t11 FA). 

Point (iv). We fully agree with the positive association the
authors (1) make regarding the t11 (or trans n-7) double bond,
both with a healthy rumen and with health effects for the con-
sumer of ruminant products. As knowledge of the t11,13 iso-
mers of 18:2 is still lacking, and as t11,t13 18:2 may even be
an artifact of the methylation method, it would be prudent not
to include these beforehand in the category of beneficial FA;
therefore, trans n-7 would be preferred to t11 in our opinion.

Point (v). A terminology proposal for specific FA has no
relation with the—justified—concern the authors (1) express
regarding methodology and can in no way be associated with
propagation of the use of inaccurate data. 

In conclusion, we think the criticism regarding our terminol-
ogy proposal is justified only with regard to a need for further
specificity and that “trans n-7 FA” would be the preferred term.

We would again like to emphasize our other points, i.e.,
that the term CLA is confusing and should be avoided, and
that names of FA should be mentioned individually. Our
main concern is that health food stores sell food supplements
designated as CLA that contain roughly equal amounts of the
c9,t11 and t10,c12 isomer, together with some other com-
pounds. There is evidence that at the doses applied, the
t10,c12 isomer does not have the slimming effect in humans
that is found in experimental animals. Moreover, adverse ef-
fects (e.g. liver fattening/enlarging) have been reported for
the t10,c12 isomer. Milk fat should not be connected with
these negative effects for the public by stating that it contains
CLA. The advantage of using the term “trans n-7 FA” is that
it includes the major CLA isomer (RA) and the major trans
FA (TVA) in milk fat, the formation of which in vivo is
closely related and which probably has positive health effects

in humans; there are no documented negative effects in ani-
mals.

We (3–6) and others (e.g., 7,8) also consistently observed
the highest levels of RA and TVA in milk of pasture-fed
cows. This reflects the biochemical processes in the healthy
rumen and is associated with a natural and positive image of
the sector and the products. We therefore fully agree with the
final statements in the letter of Kramer et al. (1).

The public is familiar with the terminology of saturated/
unsaturated fat and, in recent years, also with trans fats. General
terms such as CLA, omega FA, saturated fats (which includes
butyric acid), and trans fats are simplifications and have the dis-
advantage that they might include compounds with positive as
well as negative effects. Using specific trivial or scientific names
for individual compounds precludes this confusion.

We hope this debate will initiate more discussion and lead to
increased understanding and to a change in the widely misper-
ceived general public—and scientific!—opinion that all trans
FA are unhealthy!  Unlike hardened trans FA from plant origin,
trans n-7 FA in ruminant fats are beneficial, both to the animals
themselves and to the consumers of their products.
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The AOCS has been a regular host to steroid symposia since
1970. The history of this symposium series has been pub-
lished [Weete, J.D., Parish, E.J., and Nes, W.D. (2000) Lipids
35, 241]. These symposia have focused on current research in
the areas of steroid structure, biosynthesis, chemistry, regula-
tion, and function.

The 2004 Steroid Symposium, “Recent Advances in
Steroid Research,” was held at the AOCS Annual Meeting in
Cincinnati, Ohio. This year the symposium held special sig-
nificance, for it hosted the presentation of the second G.J.
Schroepfer Jr. Award for steroid research. The Award was es-
tablished to honor the memory of Dr. George J. Schroepfer
Jr., a prominent steroid biochemist and chemist who made
major and lasting contributions to the steroid field. Much of
his research dealt with the biosynthesis of cholesterol and its
regulation. In addition, he maintained a strong organic syn-
thesis program to support his biochemical studies. A biogra-
phy describing many of Dr. Schroepfer’s contributions can be
found in this journal [Wilson, W.K. (2000) Lipids 35, 242].
Dr. Schroepfer was scheduled to be the keynote speaker at the
steroid symposium in Orlando, Florida, in 1999, but unfortu-
nately, he passed away on December 11, 1998.

The second recipient of the G.J. Schroepfer Jr. Award for

steroid research was Professor Jan Sjövall of the Depart-
ment of Medical Biochemistry and Biophysics at the
Karolinska Institutet in Stockholm, Sweden. Professor Sjövall
has made major contributions to the steroid field, and we
were pleased with his nomination. Professor Sjövall is well
known for research on the metabolism of sterols and bile
acids in human and animal tissues and the identification of
steroids by MS.

As in past symposia, we are indebted to our corporate part-
ners who helped make the symposium a success: Cargill
Health & Food Technologies, and Steraloids, Inc. We appre-
ciate their contribution and look forward to their continued
support of our symposium series.

This symposium was sponsored by the Biotechnology Di-
vision of the AOCS. Speakers in the 2004 Sterol Symposium
represented an international group of senior and junior scien-
tists. This year the technical sessions were a joint effort with
members of the Japan Oil Chemists’ Society, and several of
our symposium speakers were from Japan. We express here
our appreciation to each of them for their cooperation during
the planning process and for their participation in the sympo-
sium. By all accounts, the event was a success, and we are
looking forward to the next steroid symposium.

Copyright © 2004 by AOCS Press 701 Lipids, Vol. 39, no. 8 (2004)
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ABSTRACT: Cholesterol and its metabolites, e.g., steroid hor-
mones and bile acids, constitute a class of compounds of great
biological importance. Their chemistry, biochemistry, and reg-
ulation in the body have been intensely studied for more than
two centuries. The author has studied aspects of the biochem-
istry and clinical chemistry of steroids and bile acids for more
than 50 years, and this paper, which is an extended version of
the Schroepfer Medal Award lecture, reviews and discusses part
of this work. Development and application of analytical meth-
ods based on chromatography and mass spectrometry (MS)
have been a central part of many projects, aiming at detailed
characterization and quantification of metabolic profiles of
steroids and bile acids under different conditions. In present ter-
minology, much of the work may be termed steroidomics and
cholanoidomics. Topics discussed are bile acids in human bile
and feces, bile acid production, bacterial dehydroxylation of
bile acids and steroids during the enterohepatic circulation, pro-
files of steroid sulfates in plasma of humans and other primates,
development of neutral and ion-exchanging lipophilic deriva-
tives of Sephadex for sample preparation and group separation
of steroid and bile acid conjugates, profiles of steroids and bile
acids in human urine under different conditions, hydroxylation
of bile acids in liver disease, effects of alcohol-induced redox
changes on steroid synthesis and metabolism, alcohol-induced
changes of bile acid biosynthesis, compartmentation of bile
acid synthesis studied with 3H-labeled ethanol, formation and
metabolism of sulfated metabolites of progesterone in human
pregnancy, abnormal patterns of these in patients with intrahep-
atic cholestasis of pregnancy corrected by ursodeoxycholic
acid, inherited and acquired defects of bile acid biosynthesis
and their treatment, conjugation of bile acids and steroids with
N-acetylglucosamine, sulfate-glucuronide double conjugates of
hydroxycholesterols, extrahepatic 7α-hydroxylation and 3-de-
hydrogenation of hydroxycholesterols, and extrahepatic forma-
tion of C27 bile acids. The final part discusses analysis of free
and sulfated steroids in brain tissue by capillary liquid chro-
matography-electrospray MS and suggests a need for reevalua-
tion of the function of steroid sulfates in rat brain.

Paper no. L9527 in Lipids 39, 703–722 (August 2004).

It is a great honor for me to be selected as the second recipi-
ent of the Schroepfer Medal Award. I met George on several
occasions at meetings and in Stockholm. He was a friend of
my friend Henry Danielsson, who had also studied with Kon-
rad Bloch at Harvard. His way of doing science appealed very
much to me. His interest in analytical methodology was deep
and critical, and he published beautiful, comprehensive pa-
pers on the separation and mass spectrometric  analysis of un-
saturated sterols, exemplified by References 1–3. Their appli-
cation to studies of biosynthetic and metabolic pathways
under normal and pathological conditions yielded reliable re-
sults and often corrected earlier misconceptions caused by un-
reliable methodology. George’s analytical studies of sterol
profiles were predecessors of what in the postgenomic era
would be termed “sterolomics.” They should be consulted by
all those who are presently involved in studies of metabolism
of sterols and their potential regulatory importance as ligands
to nuclear receptors. The 194-page review of oxysterols with
1,231 references referred to as “critical, fairly comprehen-
sive” (4) also illustrates George’s mind and care in drawing
conclusions from studies using methods that had not been
well validated. He was probably convinced that certain oxys-
terols were important endogenous ligands to nuclear recep-
tors and to the regulation of sterol and bile acid synthesis.
However, all scientists are not fully convinced that this is the
case (5). New methodology, probably based on mass spec-
trometry (MS), is required to actually prove that a certain
oxysterol is bound to a nuclear receptor when this is bound to
the regulatory sites on genes in the nucleus of the living cell.

Professor Geoffrey Gibbons, the first recipient of the
Schroepfer Medal, gave an elegant description of the 200-yr his-
tory of cholesterol and then presented recent results on the reg-
ulation of cholesterol and lipid synthesis (6). I would like to be
more egocentric and go back only in my own history and de-
scribe results from intertwined lines of research during the past
50 yr, particularly from the members and descendants of the
Sune Bergström group. I will expand a little on studies that may
be less well known and also permit myself to speculate freely.

REVERSED-PHASE AND QUANTITATIVE PAPER 
CHROMATOGRAPHY IN STUDIES OF METABOLISM
AND TURNOVER OF BILE ACIDS

Two factors determined my introduction to bile acid research:
golf and Sune Bergström (Nobel Laureate 1982 with B.
Samuelsson and J. Vane). Bergström visited a biochemist

Copyright © 2004 by AOCS Press 703 Lipids, Vol. 39, no. 8 (2004)

Dedicated to the memory of Sune Bergström, who died on August 15, 2004.
*E-mail: jan.sjovall@mbb.ki.se
Abbreviations: CID, collision-induced dissociation; CTX, cerebrotendinous
xanthomatosis; CYP7A1, cholesterol 7α-hydroxylase; CYP7B1, oxysterol
7α-hydroxylase; CYP27A1, sterol 27-hydroxylase; DHEA, dehydro-
epiandrosterone (3β-hydroxyandrost-5-en-17-one); ES, electrospray; FAB,
fast atom bombardment; FXR, farnesoid X receptor; GC/MS, gas chromatog-
raphy–mass spectrometry; GlcNAc, N-acetylglucosamine; ICP, intrahepatic
cholestasis of pregnancy; LXR, liver X receptor; MS, mass spectrometry.

Fifty Years with Bile Acids 
and Steroids in Health and Disease

Jan Sjövall*
Department of Medical Biochemistry and Biophysics, Karolinska Institutet, SE-171 77, Stockholm, Sweden



friend who was the chairman of my golf club and a friend of
my parents. At the age of 31 yr, he was a newly appointed
professor of Physiological Chemistry at the University of
Lund where I was a medical student. He had discovered the
attraction of golf and in this way we came to play together. I
was very impressed by his personality and decided to try to
become his student. The next year, 1949, I was accepted as
amanuens at the Department of Physiological Chemistry.

At about that time Bergström started a comprehensive pro-
ject on the biosynthesis and metabolism of bile acids. In 1950
A.J.P. Martin and G.A. Howard published the first paper on
reversed-phase chromatography of FA, and I was given the
task to design reversed-phase systems for separation of bile
acids. This was successful (7), and A. Norman extended the
systems to cover more polar and conjugated bile acids. Re-
versed-phase chromatography was then used extensively dur-
ing the following 10 yr in studies of the hepatic and bacterial
metabolism of bile acids labeled with 14C. As a parenthesis,
the reversed-phase systems were essential in the isolation of
prostaglandins, which turned out to have mobilities similar to
that of cholic acid (8,9). 

I also developed paper chromatographic systems for conju-
gated and free bile acids (10,11). These permitted direct analy-
sis of bile acids in bile, and their application made it clear that
chenodeoxycholic acid was a major bile acid in human bile
(12). Ursodeoxycholic also was detected for the first time in
human bile (13), and the method was made quantitative. When
used for analysis of bile acid excretion in bile fistula rats and
humans, the feedback regulation of bile acid biosynthesis was
discovered. Thus, bile acid excretion increased markedly dur-
ing the days following the insertion of a bile duct cannula
(14,15). Bergström and Danielsson showed that infusion of
taurochenodeoxycholic acid depressed cholic acid excretion
in the bile fistula rat (16). It took another 10 yr to show that
the site of feedback inhibition was the cholesterol 7α-hydrox-
ylase (CYP7A1) reaction (17). It was shown that protein syn-
thesis was required and that the half-life time for CYP7A1 was
2–3 h (18). The enzyme was cloned by several groups 20–25
yr later (19–21). When the presence of nuclear receptors for
regulatory steroids became known about 35 yr ago, the search
for potential bile acid receptors began. The last few years have
seen unparalleled development in this area. About 5 yr ago
several groups reported that bile acids were natural ligands for
the farnesoid X receptor (FXR), the activation of which led to
repression of bile acid synthesis. The understanding of mech-
anisms that control bile acid formation and excretion is in-
creasing rapidly (22). A year ago the crystal structure of the
FXR ligand-binding domain was reported with natural and
synthetic ligands in the binding pocket (23,24). Thus, it took
about 50 yr to elucidate the chemical nature of the feedback
mechanism in bile acid synthesis. There is still much to be un-
derstood; one detail is how the large species differences in the
regulation and pathways of bile acid synthesis and metabolism
are explained. Ongoing work in several laboratories shows
that the regulation of the CYP7A1 gene is very complex and
involves a number of nuclear receptors and other proteins.

Quantitative paper chromatography also led to the discov-
ery that the formation of deoxycholic acid required contact
with intestinal bacteria. Thus, deoxycholic acid disappeared
from bile during biliary drainage (15), and it was absent from
bile of infants (25). Final proof of its formation by bacterial
7α-dehydroxylation of cholic acid was obtained by compar-
ing the metabolism of cholic acid in intact and bile fistula rab-
bits (26). Detailed studies by A. Norman and others in collab-
oration with B.E. Gustafsson, later head of the Department of
Germfree Research at Karolinska Institutet, showed that bac-
terial metabolism of bile acids during their enterohepatic cir-
culation was extensive; besides 7α-dehydroxylation, oxidore-
ductions, epimerizations, and hydrolysis of conjugates took
place (27,28). The detailed mechanism of 7α-dehydroxyla-
tion was elucidated by P. Hylemon and coworkers as one of
the first examples of the application of molecular biology to
the bile acid field, and was complete about 40 yr after the dis-
covery of the reaction (29). The pathophysiological impor-
tance of bacterially modified, so-called secondary, bile acids
is not yet clear. A possible role in colon cancer is still under
debate. A recent finding is that lithocholic acid and 3-oxo-5β-
cholanoic acid are ligands of the vitamin D receptor (and
FXR and pregnane X receptors) (30). 

Quantitative paper chromatography was also used to de-
termine specific radioactivity in many studies of bile acid
turnover in man and animals based on the Lindstedt method
(31). For example, we studied the turnover of bile acids in
rabbits first fed hydrogenated coconut oil, which greatly in-
creased plasma cholesterol, and then corn oil, which drasti-
cally lowered the plasma cholesterol. In contrast to the large
changes of plasma cholesterol levels, bile acid production and
turnover remained the same (32). The results of these early
studies can now be compared with measurements of levels
and expression of regulatory molecules to get an understand-
ing of underlying mechanisms. Recently Salen and cowork-
ers studied the liver X receptor (LXR) and FXR regulation of
bile acid synthesis in the rabbit and found that FXR-regulated
depression of CYP7A1 overrides LXR-induced increase of
this enzyme in the rabbit, making this animal more sensitive
to cholesterol feeding than rat and man (33).

GC/MS, BILE ACIDS, AND STEROID SULFATES

In 1960 and 1962–1963, I spent postdoctoral periods in the
laboratories of E.C. Horning at the U.S. National Institutes of
Health and Baylor College of Medicine of Houston and of D.
Turner at Sinai Hospital of Baltimore to learn how to analyze
bile acids and steroids by GLC. We developed the first GLC
methods for analysis of bile acids (34) and dehydroepiandros-
terone sulfate in plasma (35). For the first time in steroid
analysis, solid phase extraction was used instead of solvent
extraction, employing a macroreticular anion exchanger to re-
cover the compounds from plasma. 

On returning to Stockholm, I started a series of studies on
the profiles of bile acids in human feces (with P. Eneroth and
K. Hellström), steroids in feces from germfree and conven-
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tional rats (with B.E. Gustafsson and J.-Å. Gustafsson), and
steroid sulfates in human plasma (with R. Vihko). I also be-
came engaged in the project, led by R. Ryhage, to construct a
combined GC/MS instrument, resulting in the first commer-
cial GC/MS instrument manufactured by the LKB company
(see Ref. 36). We used the prototypes of this instrument and
later the commercial version to identify the compounds ap-
pearing in the effluents from the GLC columns. 

The bile acid mixture in feces, after hydrolysis and decon-
jugation, was found to be very complex owing to the bacter-
ial metabolism of the primary bile acids. Deoxycholic and
lithocholic acids formed by 7α-dehydroxylation were pre-
dominant (37,38), but their 3β epimers were often present in
considerable amounts. They were later shown to be partially
esterified at C-3 with FA (39,40), a fact that may still be for-
gotten in present-day analyses of fecal bile acid excretion.
Some samples also contain significant amounts of potentially
toxic 3-oxo bile acids, which are usually lost in the analytical
procedures (41). Since secondary bile acids have been sus-
pected to be important in the development of colon cancer,
there is an interest in quantification of fecal bile acid profiles.
A reasonably comprehensive (using Schroepfer’s definition)
and critical review on fecal bile acids and their analysis was
published by Setchell et al. in 1988 (42). Although collection
of representative fecal samples is the major practical prob-
lem, the procedures for quantitative analysis still cannot be
regarded as satisfactory with regard to specificity in analyses
of individual bile acids and their conjugates, in spite of recent
developments both in chromatographic and mass spectromet-
ric methods (see below). 

Analyses of steroid excretion in germfree and conven-
tional rats were performed with B. Gustafsson and my stu-
dent J.-Å. Gustafsson to evaluate the role of bacteria and en-
terohepatic circulation in the metabolism of steroid hor-
mones. It appeared possible that bacterial formation of steroid
metabolites, which were returned to the body, might be of
pathophysiological importance. In addition to new informa-
tion about the nature of the steroids present, we found a num-
ber of metabolic reactions catalyzed by the intestinal bacte-
ria: hydrolysis of conjugates, oxidoreductions, and novel de-
hydroxylations. With our student H. Eriksson we discovered
that bacterial elimination of the 16-hydroxy group in a 16α-
hydroxy-20-oxo-C21 steroid lead to pregnane derivatives with
either a 17α- or 17β-oriented side chain (43). This reaction
was also observed in pregnant women (44). Bacterial elimi-
nation of the 21-hydroxy group in 21-hydroxy-20-oxo-C21
steroids was also an important reaction (45). In fact, whereas
3,11,15,21-tetrahydroxy-20-oxosteroids (in sulfated form)
predominated in feces from female germfree rats, there were
no free 21-hydroxysteroids in feces from the conventional
rats (46). The pathophysiological importance of this bacterial
metabolism is still unknown but remains an interesting ques-
tion, considering the large number of nuclear receptors of the
steroid family, some of which are promiscuous in their accep-
tance of ligand structures. The studies of steroid metabolism
in germfree and conventional rats were continued by J.-Å.

Gustafsson and his coworkers and led to the discovery of
large sex differences in hepatic steroid metabolism in the rat,
shown to be regulated by growth hormone secretory pattern
and induction of a 15β-hydroxylase specific for sulfated
steroids in the female rat. Gustafsson’s later achievements in
the field of nuclear receptors are well known and have been
of great importance for this field. 

With Gustafsson and postdoctoral student C.H.L. Shackle-
ton, grandson of the explorer of the Antarctic, we also started
a series of GC/MS studies of the metabolic profiles of steroids
in infants (47,48). These studies were continued by Shackle-
ton, who has made many important contributions both to ana-
lytical methodology and to the understanding and diagnosis of
clinical conditions involving defects in the biosynthesis and
metabolism of steroids (49). One of his present interests is
steroid synthesis in infants with the Smith-Lemli-Opitz syn-
drome (7-dehydrocholesterol-7-reductase deficiency) (50).
Part of this work is being carried out in collaboration with the
department at Rice University, Houston, where Schroepfer did
his beautiful methodological studies on unsaturated sterols
(see introductory section) and applied the methods to studies
of the unsaturated sterols in patients with the Smith-Lemli-
Opitz syndrome (51). 

My interest in steroid sulfates was stimulated by the stud-
ies of E.-E. Baulieu and coworkers (52), which showed that
certain steroid sulfates, e.g., dehydroepiandrosterone (3β-hy-
droxyandrost-5-en-17-one; DHEA) sulfate, were primary
products of steroid biosynthesis in endocrine organs and not
secondary metabolites for excretion. With my student R.
Vihko, a chromatographic method based on methylated
Sephadex (later replaced by Sephadex LH-20, see next sec-
tion) was developed for group isolation of mono- and disul-
fated steroids. These groups were solvolyzed and the steroids
were analyzed as trimethylsilyl ethers by GLC and GC/MS
(53–56). Vihko’s thesis gave the first reliable values for
DHEA sulfate in plasma and showed for the first time that the
levels were lower in women than in men and decreased with
age in both sexes (57). These findings have been confirmed
many times up to the present day (see Ref. 58). Our studies in
Horning’s laboratory had already shown that the levels could
be markedly increased by oral administration of DHEA (35).
This has been confirmed repeatedly. A number of other C19
and C21 steroid sulfates in plasma were also identified and
could be analyzed quantitatively to give profiles of mono- and
disulfated steroids. The methods were used by several groups
in studies of steroid sulfates in blood, urine, bile, and amni-
otic fluid under different conditions. Interest in DHEA has in-
creased exponentially in recent years: A search for dehy-
droepiandrosterone in PubMed, when this lecture was being
prepared, gave 9,528 hits. DHEA and/or its sulfate are neu-
rosteroids and have a variety of effects on the nervous sys-
tem. Effects of oral administration of DHEA on parameters
in aging are under study in several laboratories (58).

Using these profiling methods, we found that pregnant
women had a special pattern of steroid sulfates in plasma
(59–61). This will be discussed in a separate section.
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LIPOPHILIC GELS AND METABOLIC PROFILES
(“STEROIDOMICS”)

The work with complex matrices such as plasma and feces
made it clear that appropriate sample preparation procedures
were essential for successful analysis of complex mixtures of
bile acids and steroids by GLC and GC/MS. Chromatography
in conventional two-phase systems was not practical for this
purpose because of the need for solvent equilibration. With a
student, E. Nyström, we began to study how stationary phases
could be prepared by chemical modification of cross-linked
dextran gels. Methylated Sephadex was prepared that permit-
ted molecular sieving in organic solvents as well as partition
chromatography in miscible solvent systems where the sol-
vent–gel constituted the stationary phase. High column effi-
ciencies could be obtained by recycling chromatography or
with capillary columns in Teflon tubing (62). We made the
important observation that sodium and potassium salts of
steroid sulfates were strongly retained by these columns when
chloroform/methanol containing sodium or potassium chlo-
ride, respectively, was used as solvent. This became the basis
for the analyses of profiles of steroid sulfates described above.
When introduced by Pharmacia, Sephadex LH-20 replaced
methylated Sephadex and also became widely used for purifi-
cation of steroids prior to radioimmunoassays.

It was soon evident that a wider range of substituted
Sephadex derivatives was desirable for sample preparation pur-
poses. Less polar derivatives were required for establishment
of better reversed-phase systems, and ion exchangers of vari-
able polarity were desirable for group separation of biological
extracts in which steroids and bile acids occurred in different
forms of conjugation with charged moieties. The postdoctoral
student J. Ellingboe reacted Sephadex LH-20 with long-chain
olefin oxides to give lipophilic gels of desired hydrophobicity
(63) and with epichloro- or epibromohydrin to yield intermedi-
ates for further substitution with functional groups suitable for
ion exchange and ligand exchange purposes (64). In this way
an array of stationary phases was obtained with which the bio-
logical sample could be subfractionated according to charge,
polarity, and specific functional groups of the compounds to be
analyzed by GC/MS (see 65,66).

Our sample preparation methods for analysis of metabolic
profiles usually consist of passage of the sample solution
through an appropriate sequence of lipophilic neutral and ion-
exchanging gel beds. The strategy is to retain either the ana-
lytes or the interfering material (digital chromatography).
Groups of unconjugated and conjugated metabolites differing
in charge and acidity are sequentially eluted by stepwise dis-
placements from the ion-exchanging beds that, unlike ion-ex-
change resins, do not show nonspecific adsorption. If the sam-
ple is a biological fluid, the initial step is a solid-phase extrac-
tion under conditions minimizing protein binding (66–69); if
the sample is a tissue, a solvent extract is prepared that can
then be transferred in different ways onto a suitable sorbent
for subsequent elution (e.g., see Refs. 66,68,70) and subfrac-
tionation. It should be mentioned that lipophilic-hydrophobic

derivatives of Sephadex (Lipidex 1000 and 5000) are very
useful for extraction of less-polar steroids and bile acids since
they do not extract polar conjugates and thus give cleaner ex-
tracts. Extraction with these derivatives is different from the
common solid-phase extractions with substituted silica or
polystyrenes and is comparable to solvent extractions without
emulsion problems (68,71). Because of the cross-linked ma-
trix, proteins do not enter the gel, and ligands to nuclear re-
ceptors can be extracted separately from weakly bound com-
pounds by control of the temperature of the gel (72). 

These principles of sample preparation were first applied
to analyses of urinary bile acids and steroids by GC/MS
(73–75). Detailed profiles of different groups of conjugates
were obtained. Computerization of the mass spectrometric
analyses was an important prerequisite. Ryhage’s group con-
structed an interface for our LKB 9000 that permitted record-
ing of spectra on a tape that could then be evaluated on an
IBM 1800 computer (36). My engineer R. Reimendal wrote
all the necessary programs for this evaluation (76,77), includ-
ing programs for quantification of number and abundances of
stable isotopes (78); now all of this is commercially available.

The bile acid profiles in urine revealed the presence of
many previously unknown bile acids. Most of the mono- and
dihydroxy bile acids were sulfated in addition to being
glycine- or taurine-conjugated. Evidence was obtained for
tetrahydroxycholanoic acids, predominantly taurine-conju-
gated, carrying hydroxyl groups in the 1,3,7,12- and 3,6,7,12-
positions and excreted in increased amounts in liver disease
(73,74,79). They were shown to be formed from cholic acid
(80). Microbially synthesized 1β-hydroxydeoxycholic acid
was identical with the 1-hydroxydeoxycholic acid found in
urine, suggesting that the 1-hydroxylated bile acids in urine
carried a 1β-hydroxy group (81). Extensive synthetic work
by Japanese groups has provided the correct structures for
these and other hydroxylated bile acids found by different
groups in human urine. Thus, C24 bile acids in humans may
occur hydroxylated at carbons 1, 2, 3, 4, 5, 6, 7, 12, 19, 22,
and 23. Increased hydroxylation is seen in the neonatal pe-
riod and in liver disease. The cytochromes P450 catalyzing
hydroxylations of primary and secondary bile acids are only
partly known, and the regulation of these hydroxylations are
not known. The hydroxylations may serve to protect the he-
patocytes from the hepatotoxic primary bile acids.

The analyses of metabolic profiles of bile acids also led to
the detection of bile alcohol glucuronides in urine from
healthy humans and patients with liver disease (82–84). The
major bile alcohol had 26 instead of 27 carbon atoms but was
formed from cholesterol (85). Ion exchange separation is of
great value in this case, not only for isolation of glu-
curonidated bile alcohols as a group but also for the subse-
quent separation of neutral sterols from acidic steroids (bile
acids). This is because the cholestane and methyl cholanoate
skeletons differ by 2 Da and it can be very difficult to tell
whether a peak in the GC/MS analysis is due to a substituted
cholestane or a methyl cholanoate with a double bond. A prior
ion exchange separation eliminates this problem.
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E.C. Horning pioneered the analyses of metabolic profiles
of steroids (86). However, since hydrolysis of conjugates was
an initial step, these profiles represented a mixture of differ-
ently conjugated steroids, which may have different meta-
bolic origins. In our strategy, different groups of conjugates
were analyzed separately. The profiles of unconjugated, glu-
curonidated, and sulfated steroids were widely different, and
pathological changes in the individual groups could now be
detected. Examples are given in the sections below. Ion ex-
change fractionation also made it possible to analyze profiles
of unconjugated and conjugated steroids in plasma (67,87).

ALCOHOL AND THE METABOLISM AND 
BIOSYNTHESIS OF STEROIDS AND BILE ACIDS

The metabolism of ethanol leads to a large production of
NADH, particularly in the liver, and a change of the redox
state in cells that metabolize ethanol. We thought that this
could influence biosynthesis as well as metabolism of steroids
and bile acids since a number of dehydrogenases and reduc-
tases using NAD(H) and NADP(H) are involved in these
processes. In addition, alcohol dehydrogenase was found to
be a 3β-hydroxy-5β-steroid dehydrogenase (88). My student
T. Cronholm and I chose to analyze the profiles of steroid sul-
fates in human plasma to study whether ethanol affected the
17β-hydroxy-/17-oxosteroid or the 20α-hydroxy-/20-oxo-
steroid ratios. We found that the former but not the latter ratio
was greatly increased by ethanol and ascribed this difference
to the use of NAD(H) in the former reaction and NADP(H)
in the latter (89). The effect of ethanol was dose dependent at
low blood alcohol levels (<10 mM) but was maximal when
alcohol dehydrogenase was saturated with substrate (i.e., at
maximal production of NADH). When [1,1-2H2]ethanol was
ingested, there was an extensive transfer of 2H to androst-5-
ene-3β,17β-diol 3-sulfate, which was parallel to the increase
of the levels of this steroid. This result indicated a formation
by reduction of DHEA sulfate with use of NAD2H. The lev-
els of the disulfate of the androstenediol were not affected by
acute ethanol metabolism. However, chronic ingestion of
moderate amounts of alcohol resulted in increased plasma
levels and urinary excretion of the disulfate (90,91), reflect-
ing the continuous ethanol-induced formation of the mono-
sulfate. 

The importance of the redox effect of ethanol on steroid
hormone balance is not yet fully understood. Hormonal dis-
turbances are known to occur in alcoholics. Since the hor-
mones testosterone and estradiol both have a 17β-hydroxy
group and since their inactive precursors with a 17-oxo group
(androst-4-en-3,17-dione and estrone, respectively) are circu-
lating in plasma, we analyzed the effect of ethanol on these
potential redox couples. We found that the sulfated and glu-
curonidated forms of estradiol increased markedly after alco-
hol ingestion in men, whereas the levels of free testosterone
and estradiol in plasma did not increase significantly (92).
This does not exclude an increase of intracellular free estra-
diol by hydrolysis of its conjugates.

Interest in the redox effects of ethanol on steroid metabo-
lism has recently been renewed. In studies of large groups of
women ingesting moderate doses of alcohol, Sarkola and
coworkers found significant increases of the plasma levels of
estradiol and an increase of the estradiol/estrone ratio in
women taking oral contraceptives (93). Välimäki et al. (94)
and Mendelson et al. (95) previously described an acute ele-
vation of plasma estradiol after alcohol administration in pre-
menopausal women. Sarkola et al. also found that alcohol in-
duced a fourfold increase of testosterone and a decrease of
androstendione in women, which was abolished by pretreat-
ment with the alcohol dehydrogenase inhibitor 4-methylpyra-
zole (96). The combined results of these and our studies show
that alcohol, via its effect on the redox state of the liver, can
influence the hormone balance and potentially induce estro-
genic effects in men and androgenic effects in women. The
effect on estrogen balance might influence the development
of breast cancer. 

The de novo biosynthesis of steroid hormones could con-
ceivably also be affected by the redox effect of ethanol me-
tabolism. The 3β-hydroxy-∆5-steroid dehydrogenase 4,5-iso-
merase required for conversion to the essential 3-oxo-∆4

structure utilizes NAD as coenzyme while 17β-hydroxy-
steroid dehydrogenase uses NADP. Together with student S.
Andersson, we developed a method for analysis of profiles of
unconjugated steroids in rat testis and applied it to a study of
the effects of ethanol metabolism (97). The results showed
that ethanol increased the ratios between 3β-hydroxy-∆5-/3-
oxo-∆4-steroid couples, compatible with an inhibition of
testosterone biosynthesis. Later studies with [1,1-2H2]ethanol
indicated that this was a direct effect of testicular ethanol me-
tabolism on the redox state, not mediated by lactic acid from
the liver (98). Thus, it appears that ethanol-induced redox
changes can be of endocrinological importance both via ef-
fects on the metabolism and the biosynthesis of steroid hor-
mones.

Since bile acid metabolism also involves redox reactions
and alcohol dehydrogenase is a 3β-hydroxy-5β-steroid dehy-
drogenase and is hepatotoxic, the postdoctoral student I.
Makino studied effects of ethanol metabolism on oxidoreduc-
tions of bile acids in the bile fistula rat (99,100). However,
ethanol had no effects on the reduction of 3-oxo bile acids or
the oxidation of 3β-hydroxy bile acids and thus does not seem
to affect bile acid metabolism directly. During metabolism of
[1,1-2H2]ethanol, the bile acids became 2H-labeled at C-3 to
an extent indicating that at least 60% of the bile acid mole-
cules underwent oxidoreduction during each passage through
the liver. The extensive oxidoreduction at C-3 and the 3β-hy-
droxy-5β-steroid dehydrogenase activity of alcohol dehydro-
genase may explain why all bile acids in bile have a 3α-hy-
droxy group in spite of the formation of 3β-hydroxy bile acids
by intestinal bacteria during the enterohepatic circulation (see
above). 

Ethanol may stimulate bile acid biosynthesis in man. With
M. Axelson we found a number of potential C27 neutral and
acidic intermediates in bile acid biosynthesis in plasma, hav-
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ing either a 3β-hydroxy-∆5 or a 3-oxo-∆4 structure (101,102).
When these were analyzed after a moderate dose of ethanol,
no immediate redox effect was noted. However, after about an
hour the levels of 7α-hydroxycholest-4-en-3-one began to rise
to reach a 5–15-fold increase after 3–4 h (103). The levels of
7α-hydroxycholesterol also increased in parallel to a similar
extent. We had previously shown that the plasma level of 7α-
hydroxycholest-4-en-3-one reflected rates of bile acid synthe-
sis in man (104), a finding that has been confirmed and ex-
tended to show that it reflects the activity of CYP7A1 in man
(105,106). If this is the case also after ingestion of alcohol, the
data indicate that bile acid synthesis via the neutral (7α-hy-
droxycholesterol) pathway (102) is increased by alcohol in
man. The mechanism of this increase is unknown but the time
course indicates an indirect mechanism; it could involve
changes of the enterohepatic circulation or indirect effects on
the regulation of CYP7A1 by nuclear receptors, e.g., FXR, by
alcohol, its metabolites, or the redox change. Studies with iso-
lated hepatocytes may help to answer this question.

The alcohol-induced increase of 7α-hydroxycholest-4-en-
3-one is interesting also from a clinical point of view. The eti-
ology of alcoholic liver cirrhosis is not fully understood, and
many theories have been put forward in the last 50 yr. About
15 yr ago, cholesta-4,6-dien-3-one was identified in fatty liv-
ers of alcoholic patients (107). This could reflect an increased
formation of 7α-hydroxycholest-4-en-3-one, since the 7α-hy-
droxy group can be eliminated both in the liver and by intesti-
nal bacteria (108). The hepatotoxicity of cholesta-4,6-dien-3-
one is not known, but bile acids with a 3-oxo-∆4 structure in-
duce liver disease (see section on defects in bile acid
biosynthesis). Studies of this possible mechanism would be
of interest, as would studies of ways to influence the alcohol-
induced change of bile acid biosynthesis (or biosynthetic
pathways). 

The initial studies of ethanol effects on steroid and bile acid
metabolism indicated that ethanol labeled with 2H and 13C
might be used to investigate compartmentation of coenzyme
and acetate pools, metabolism of steroids, and biosynthesis
and biliary secretion of lipids. These studies were carried out
in particular by T. Cronholm and T. Curstedt with participa-
tion of A. Burlingame and postdoctoral students S. and H.
Matern. It is beyond the scope of this lecture to discuss the re-
sults, and the reader is referred to reviews (109–111). Only one
example will be given. The 2H-labeling pattern of bile acids
and cholesterol in the above studies with 2H2-ethanol indicated
that bile acids and cholesterol in bile represented different
pools of cholesterol (99). Earlier studies with other methods
had indicated that bile acids might be formed from a special
pool of cholesterol (see Ref. 112). By infusing [2,2,2-
2H3]ethanol or [1-13C,1-2H2]ethanol into bile fistula rats, we
could show that this was indeed the case (113). The infusion
resulted in formation and biliary excretion of polydeuterated
bile acids, cholesterol, and allotetrahydrocorticosterone. The
rate of disappearance of unlabeled molecules (i.e., molecules
formed before the start of infusion) gave the half-life times of
the cholesterol pools serving as precursors for the three types

of compound. The turnover of the pool used for bile acid syn-
thesis was about five times higher than that used for cortico-
sterone synthesis and biliary cholesterol secretion. The label-
ing of the precursor acetate pool could be calculated from the
composition of isotopomers of the compounds after correction
for deuterium-protium exchange in the biosynthetic sequence
(114). About 40% of the precursor acetate pool originated
from ethanol. In these studies we had the pleasure to collabo-
rate with A.L. Burlingame, who spent about a year in my lab-
oratory as a Guggenheim fellow. The same method was used
by visiting professor R. Vlahcevic to show that all 5β- and 5α-
di- and trihydroxy bile acids and their sulfates in bile fistula
rats were formed from kinetically the same pool of cholesterol
(115). This is of interest in view of the presently accepted im-
portance of at least two pathways of bile acid biosynthesis, one
starting with 7α-hydroxylation of cholesterol in the endoplas-
mic reticulum and the other by 27-hydroxylation in the mito-
chondria. It is likely that the former, FXR-regulated, pathway
predominates in the bile fistula rat and that mitochondrial cho-
lesterol is an insignificant precursor in this case.

STEROID SULFATES IN PREGNANCY 
AND INTRAHEPATIC CHOLESTASIS OF PREGNANCY

As already mentioned, pregnant women were found to have a
special pattern of steroid sulfates in plasma. In addition to the
mono- and disulfated C19 and C21 steroids present in the non-
pregnant state, there was a complex mixture of isomeric preg-
nanolone sulfates, pregnanediol mono- and disulfates, and
pregnandiolone and pregnantriol mono- and disulfates
(59,60,116). Their levels increased during the course of the
pregnancy as determined by GLC and GC/MS by K. Sjövall
(61). Their structures indicated that they were metabolites of
progesterone. To evaluate the uniqueness of this pattern of
steroid sulfates for the human species, we investigated the
patterns in pregnant monkeys and great apes. Similar, al-
though quantitatively different, profiles were found in plasma
from the pregnant chimpanzee and orangutan whereas the
pregnant rhesus monkey did not have any of these steroid sul-
fates in plasma (117). Thus, the metabolic profiles of steroid
sulfates in plasma seem to reflect a late step in evolution spe-
cific for the higher primates. It remains to be determined
whether any of these sulfated pregnane derivatives have a
physiological role in pregnancy or parturition or only repre-
sent metabolites for elimination of progesterone. 

The production, metabolism, and turnover rates of 3-sul-
fated pregnane derivatives with 3β-hydroxy-5α or 3α-hy-
droxy-5α structures were determined by injection of the cor-
responding pregnanolone sulfates labeled with deuterium at
C-3 and C-11 and the pregnanediol mono- and disulfates la-
beled at C-3, C-11, and C-20. These studies were made possi-
ble by the synthetic efforts of visiting professor J.E. Herz and
postdoctoral students T.A. Baillie and R.A. Andersson who
prepared the labeled steroids in such a way that the turnover
of the steroid skeleton (11,11-2H2-labeling), hydrolysis and
oxidoreduction at C-3 (3-2H-labeling), and oxidoreduction
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(20-2H-labeling) and sulfation at C-20 could be studied si-
multaneously (118–120). Detailed information was obtained
about turnover rates (which varied greatly between the iso-
mers), daily production, oxidoreduction, and sulfation at C-
20, and metabolism of the individual steroid sulfates. It could
be calculated that the excretion of sulfated 5α-pregnane de-
rivatives corresponded to about 50% of the total progesterone
production, contrary to the belief that 5β-pregnane deriva-
tives were the predominant metabolites of progesterone in
man. In contrast to 5β-pregnane derivatives, which are pre-
dominantly glucuronidated and excreted in urine, the sulfated
5α-pregnane derivatives are to a large extent excreted in bile
and feces (121). The difficulty in analyzing feces explains
why less attention has been paid to metabolites with a 5α than
a 5β configuration. Among the interesting metabolic reactions
of the sulfated 5α-pregnane derivatives were 16α-hydroxyla-
tion of the intact pregnanolone sulfates and 21-hydroxylation
specific for the 3α-hydroxy-5α-pregnan-20-one/5α-pregnan-
3α,20α-diol 3-sulfate couple to yield 5α-pregnan-3α,20α,21-
triol 3-sulfate (120,122). The latter reaction was the exclusive
pathway to this pregnanetriol sulfate, which together with its
disulfate and the pregnanediol isomer disulfates constituted
end products in the metabolism. Although the physiological
function of the sulfated pregnane derivatives in pregnancy re-
mains unknown, these studies underline the power of MS and
use of appropriately labeled compounds in “steroidomics.”

At this time the metabolism of ethinylestradiol was also of
interest. Visiting professor David Collins performed elegant
syntheses of 11ξ,12,12-trideutero- and 9α,11,11,12,12-pen-
tadeuteroethinylestradiol (123,124), and methods for selec-
tive isolation of ethinyl steroids on a cation exchanger in sil-
ver form were developed (125–127). Unfortunately the pro-
ject was not further supported, but labeled estradiols obtained
as intermediates were used in studies of the turnover of estra-
diol in the rat uterus by H. Eriksson, M. Axelson, and post-
doctoral student M. Tetsuo (128–130). 

The patterns of steroid conjugates in plasma and urine of
pregnant women have been studied in recent years using more
refined group separation methods and capillary GLC and
GC/MS (131,132). Also, fast atom bombardment (FAB) ioniza-
tion made it possible to analyze the intact conjugates. In the
course of these studies, double conjugates of pregnanediols and
pregnanetriols with N-acetylglucosamine (GlcNAc) were found
to be quantitatively important in urine (133). The GlcNAc moi-
ety was attached to the 20α-hydroxy group, and the 3-hydroxy
group was sulfated or glucuronidated. A GlcNAc conjugate of
5-pregnen-3α,20α-diol was first described by Arcos and Lieber-
mann (134), but the physiological importance of this mode of
conjugation of steroids and bile acids (see following discussion)
remains unknown. However, it is of analytical interest since most
methods will not include this type of conjugate in the analysis. 

Some pregnancies are complicated by intrahepatic cho-
lestasis (ICP), a condition clinically characterized by itching,
which disappears shortly after delivery. Using the GLC
method from 1965, we made the first studies of the profiles of
bile acids in plasma from patients with ICP and showed that

the bile acid levels were elevated except for that of deoxy-
cholic acid, indicating a defective enterohepatic circulation
(135). The results from that study have been confirmed and
extended many times by many groups including our own,
and, more recently, by L.J. Meng in collaboration with H.
Reyes, professor of medicine in Santiago de Chile and an ex-
pert on the disease. My student P. Thomassen performed a de-
tailed study of urinary bile acid excretion in patients with ICP
(136) and found that the appearance of tetrahydroxylated bile
acids was one of the first signs of the disease (137).

When the profiles of steroid sulfates were analyzed,
marked differences from the normal patterns were detected
(138). The levels of most steroid sulfates were elevated, par-
ticularly those of the disulfates (3α,5α, 3α,5β, and 3β,5α iso-
mers). The ratio between the monosulfated 3α,5α and 3β,5α
steroids was increased as were the levels of 5α-pregnan-
3α,20α,21-triol sulfates. Recent studies using improved
methods for group separation of conjugates and capillary col-
umn GLC and GC/MS have confirmed these findings and
added more detailed information regarding the structures,
plasma levels, and urinary excretion of steroid conjugates and
bile acids in ICP (131,132). The changes are restricted to sul-
fated progesterone metabolites, including their double conju-
gates with GlcNAc, whereas levels of glucuronides are nor-
mal or decreased. Furthermore, the plasma levels and urinary
excretion of the steroid metabolites are not correlated with
those of the bile acids, indicating that the two classes of com-
pounds do not share the same transport mechanisms for ex-
cretion. These results are compatible with a specific defect in
the biliary excretion of certain steroid sulfates. 

Methods of treatment of ICP were unsatisfactory until
Reyes showed that administration of ursodeoxycholic acid in
most cases gave relief of the itching and improved liver func-
tion tests (139). We analyzed the profiles of steroid conjugates
in plasma and urine from his patients before and during treat-
ment with ursodeoxycholic acid and found an improvement
toward normal in almost all cases (140,141). These studies
also provided information on the metabolism of ursodeoxy-
cholic acid, which included hydroxylations in positions 1β,
4ξ,5β, 6α/β, and 22, as well as conjugation with GlcNAc (see
next section). The importance of separate analysis of differ-
ent groups of conjugates is emphasized by the finding that 4-
hydroxylated bile acids were excreted as double conjugates
with glycine/taurine and glucuronic acid. In fact, many
steroid and bile acid metabolites are excreted in urine as dou-
ble conjugates, which would not be detected by most meth-
ods used in clinical studies. An extensive study of ICP and its
treatment in Sweden is presently being conducted by Glantz,
Marschall, and Mattsson using electrospray MS (ES-MS) to
monitor bile acids and steroids during treatment (142).

The etiology of ICP is still unknown and open for specula-
tions (139,143,144). Our results indicate that it may be a dis-
ease of progesterone metabolism or a disease due to proges-
terone or its metabolites. Bacq et al. (145) made the interest-
ing observation that 32 of 50 consecutive patients had been
given progesterone orally shortly before the development of
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ICP. There is a genetic (and geographical) component, and
many patients with ICP develop the disease in a subsequent
pregnancy. When we monitored a healthy pregnant woman, a
change of steroid sulfate profiles in plasma was the first sign
of a forthcoming ICP, which became clinically overt 6 wk later
(137). An important question is whether the abnormal meta-
bolic profiles of steroid sulfates are due to a change in proges-
terone metabolism or to an impaired biliary secretion of cer-
tain sulfated metabolites of progesterone. The production of
large amounts of sulfated steroids in pregnancy may in some
genetically predisposed individuals result in a saturation of the
hepatic transport system(s) used for the biliary secretion of
these (particularly disulfated) steroids. The contribution of un-
known dietary factors could be related to a defective transport
system shared by the dietary factor and the steroid sulfates. At
present, research by several groups is focused on search for
polymorphism/mutations in hepatic organic anion and bile
acid transporters (144). A change in the regulation of such
transporters by nuclear receptors is an alternative, since sev-
eral isomers of the progesterone metabolites have a structure
resembling those of ligands to nuclear receptors. The potential
ligand activity of most of the steroids found in human preg-
nancy plasma has not been evaluated. Finally, it is possible
that ICP is not a single entity (144). The majority of patients
have normal values for γ-glutamyl transferase in plasma but
some have elevated values, the severity of the disease varies
greatly, some patients recover spontaneously before delivery,
others do not respond to ursodeoxycholic acid, and in a few
cases the liver is chronically damaged (139). 

INHERITED AND ACQUIRED DISEASES 
OF BILE ACID BIOSYNTHESIS

The introduction of soft ionization methods greatly extended
the application of MS to studies of steroid and bile acid me-
tabolism. Shackleton (49) was the first to show that direct
analysis of urine extracts by FAB-MS could be used to diag-
nose genetic defects in steroid biosynthesis. Depending on the
type of enzyme deficiency, the negative ion mass spectrum
showed different profiles of deprotonated steroid glu-
curonides (or sulfates). Postdoctoral student B. Egestad ap-
plied this method to patients of Professor S. Skredes, Oslo,
having cerebrotendinous xanthomatosis (CTX) and found a
very characteristic profile of bile alcohol glucuronides at m/z
611, 627, and 643 corresponding to deprotonated glu-
curonides of C27 bile alcohols carrying 4–6 hydroxyl groups
(146). These were known from the work of G. Salen and
coworkers to be metabolites of cholesterol in these patients,
who were later shown by I. Björkhem and coworkers to lack
mitochondrial sterol 27-hydroxylase (CYP27A1) (147). The
first Swedish case of CTX was detected by ES-MS (which has
now replaced FAB-MS) of a urine extract, and the diagnosis
was confirmed by locating a mutation in the CYP27A1 gene
(148). This case represented an unusual form of the disease,
presenting as cholestatic liver disease in early infancy. Clay-
ton and coworkers have reported a family with several simi-

lar cases (149) and Setchell has also found such a patient (per-
sonal communication). 

FAB-MS was important in the diagnosis of the first defi-
ciency of an enzyme involved in the transformation of the cho-
lesterol ring system into a bile acid ring system (150). A pa-
tient with severe cholestasis, offspring of a first-cousin mar-
riage, was investigated by P.T. Clayton, J.V. Leonard, K.
Setchell, and A. Lawson in London. In spite of the cholesta-
sis, bile acids were not found in plasma. Analysis of urinary
bile acids by GC/MS gave results that could not be interpreted.
Further studies with us indicated that labile bile acids with the
allylic 3,7-dihydroxy-∆5 structure might be present that were
converted into a mixture of artifact products by the analytical
procedure. Analysis by FAB-MS showed peaks corresponding
to anions of sulfated unsaturated di- and trihydroxy bile acids
(m/z 469 and 485) and their glycine conjugates (m/z 526 and
542). Anion exchange separation and FAB-MS analyses of the
fractions showed that the compounds had the mobility of bile
acid sulfates. The method of solvolysis, suspected to produce
the artifacts, was modified until the FAB spectrum showed the
absence of artifacts and formation only of free and glycine-
conjugated unsaturated bile acids. These could then be identi-
fied by GC/MS. This is an example of systematic unbiased bile
acid analysis leading to the diagnosis of a deficiency of 3β-hy-
droxy-∆5-C27-steroid dehydrogenase/4,5-isomerase. The ge-
netic nature of the disease was indicated by other similar cases
in the family (151). The absence of the enzyme was confirmed
using fibroblasts from the patient (152); fibroblasts from the
parents had half the normal activity of the enzyme. The gene
was cloned and sequenced by M. Schwarz in D. Russell’s lab-
oratory in Dallas; the patient’s gene was found to have a 2 bp
deletion resulting in a truncated protein with no enzyme activ-
ity (153). As shown in many studies (see Ref. 151), the en-
zyme is different from those used in the synthesis of 3-oxo-∆4

steroid hormones, a fact that we noted in an early study of bile
acid and steroid profiles in an infant who had a deficiency of
3β-hydroxysteroid dehydrogenase required for steroid hor-
mone synthesis (154).

The patient (150) was treated with chenodeoxycholic acid
on the assumption that this would inhibit the CYP7A1 reac-
tion and formation of the pathological bile acids and would
give the patient a normal bile acid needed for absorption of
lipids and lipid-soluble vitamins. The treatment resulted in
considerable clinical improvement and the sulfated bile acids
and bile alcohols with a 3β-hydroxy-∆5 structure virtually
disappeared (155). As far as I know the patient is still well,
17 yr after the beginning of the treatment. A number of new
cases have been found by FAB- or ES-MS screening of pa-
tients with liver disease carried out in the laboratories of P.
Clayton and my former postdoctoral student K. Setchell. It is
of interest that some patients have presented at over 10 yr old
while others have died in early infancy. This variability could
be due to differences in the mutations and enzyme activity,
but another possibility is that the bacterial flora has provided
the necessary enzyme for formation of normal bile acids dur-
ing an enterohepatic circulation of the sulfated precursors
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excreted in bile. Whether this could form a basis for treatment
of the disease remains to be studied.

Deficiency of 3-oxo-∆4-steroid 5β-reductase is another de-
fect of bile acid synthesis, reflected by an excretion of 3-oxo-
∆4 bile acids in urine (156,157). The two patients described
by Setchell et al. (157) were suggested to have a genetic defi-
ciency, but this has not yet been proven at the gene level.
However, urinary excretion of 3-oxo-∆4 bile acids is a fre-
quent finding in cases of severe liver disease of different eti-
ologies accompanied by cholestasis (156). Studies of ATP-
dependent bile acid transport in canalicular plasma membrane
vesicles showed that the taurine conjugate of 7α-hydroxy-3-
oxo-4-cholenoic acid strongly inhibited taurocholate trans-
port and was not itself a substrate of the bile acid transporter
(158). This provides an explanation for the intrahepatic
cholestasis in patients with a deficiency of 5β-reductase and
is consistent with the finding that the 3-oxo-∆4 bile acid is not
excreted in bile, only in urine. The situation may be different
for the 12α-hydroxy analog because glycine/taurine conju-
gated and free 7α,12α-dihydroxy-3-oxo-4-cholenoic acid is
found in healthy subjects, and 12α-hydroxylation might serve
as a detoxification in this case (see Refs. 132,159). Treatment
of 5β-reductase deficiency with chenodeoxycholic acid seri-
ously aggravates the disease, probably because of the hepato-
toxicity of this bile acid and the inhibition of its biliary secre-
tion by the 3-oxo-∆4 bile acids. In the same way a vicious cir-
cle also is created when chenodeoxycholic acid is not
administered. Ursodeoxycholic acid is used in combination
with cholic acid to improve the condition.

The taurine conjugate of 3β,7α-dihydroxy-5-cholenoic
acid is also an inhibitor of ATP-dependent bile acid transport
(and is not itself transported), which could explain the
cholestasis in patients with deficiency of 3β-hydroxy-∆5-C27-
steroid dehydrogenase/4,5-isomerase. However, in this dis-
ease the abnormal bile acids are excreted in bile as sulfates,
confirming that sulfated and nonsulfated bile acids are not
transported by the same system.

The discovery of the two deficiencies described above led
to programs for screening of urine from patients with
cholestasis with FAB-MS (now usually replaced by ES-MS).
Setchell screened thousands of samples and found a new in-
herited disease involving the nuclear modification of the cho-
lesterol skeleton. In collaboration with the laboratories of
Russell and Lathe, this disease was characterized as a defi-
ciency of oxysterol 7α-hydroxylase (CYP7B1) (160). The
FAB mass spectrum had peaks corresponding to sulfated
monohydroxycholenoate and -cholestenoate, shown to have
3β-hydroxy-∆5 structures, and a lack of the common primary
bile acids. Notably, the levels of 27-hydroxycholesterol were
several thousand times higher than normal, indicating the im-
portance of CYP7B1 for the metabolism of this oxysterol,
which is formed in most tissues and also is the first compound
in one of the pathways from cholesterol to bile acids. Analy-
sis of the CYP7B1 gene revealed a mutation leading to a trun-
cated inactive protein. This study is a beautiful example of
the power of combining MS techniques with the methods of

molecular biology. Setchell and coworkers have provided an-
other example in the characterization of patients with neona-
tal liver disease lacking the ability to racemize (25R)tri- and 
-dihydroxy-5β-cholestanoic acids, intermediates in bile acid
biosynthesis (161). In contrast to these enzyme deficiencies,
human CYP7A1 deficiency was not discovered by analyses
of bile acid profiles (162). However, patients with the latter
deficiency were hypercholesterolemic and had a greatly re-
duced formation of bile acids with an expected predominance
of chenodeoxycholic acid (162).

FAB- and ES-MS has been of great importance for detec-
tion and structure determination of previously unknown con-
jugated forms of steroids and bile acids. Two examples from
our laboratory will be given.

One is the detection of bile acids conjugated with GlcNAc.
Matern et al. (163) had found an enzyme catalyzing glucosi-
dation of bile acids and sent their student H.-U. Marschall to
us to find out whether bile acid glucosides were formed in
vivo in humans. By using profiling methods and FAB-MS, we
found them in urine at levels similar to those of bile acid glu-
curonides. The latter were first described by a former post-
doctoral student P. Back (164), and we had found that 6α-hy-
droxylated bile acids were selectively glucuronidated at the
6-hydroxy group (165–167). Comprehensive studies of bile
acid glucuronidation have been carried out, particularly by A.
Radominska and coworkers (168).

When the glucoside fraction from urine was analyzed by
GC/MS (following derivatization), peaks were also found that
were identified as GlcNAc conjugates. The FAB-MS spectra
supported the presence of GlcNAc conjugates of saturated
and monounsaturated di- and trihydroxycholanoates (169).
Six bile acids conjugated with GlcNAc could be identified by
GC/MS following enzymatic hydrolysis. They were all found
to carry a 7β-hydroxy group (170). When ursodeoxycholic
acid with or without 13C was administered to healthy or
cholestatic subjects, at least 50% of its urinary metabolites,
including the 3β isomer and hydroxylated and glycine/tau-
rine-conjugated forms, were conjugated with GlcNAc (171).

The positions of conjugation of glucosides, glucuronides,
and N-acetylglucosaminides were determined by MS by post-
doctoral student W. Griffiths using collision-induced dissocia-
tion (CID) of the deprotonated molecules generated by FAB
ionization (172). Product ion-linked scans were recorded on
these ions using an AutoSpec double-focusing mass spectrom-
eter. The sensitivity and the extent of charge-remote fragmen-
tation of the steroid skeleton, important for the structure deter-
minations, were increased by derivatization of the carboxyl
group with taurine to yield a sulfonic acid side chain (173,174).
These spectra clearly showed that conjugation with glucose
was at the 3α-hydroxy group whereas GlcNAc was linked to
the 7β-hydroxy group. The interesting question of whether the
conjugation of ursodeoxycholic and isoursodeoxycholic acids
with GlcNAc is of importance for the pharmacological effects
of these acids remains to be answered. One may speculate
about competitive effects on the pool of hepatic UDP-GlcNAc
or on metabolic reactions utilizing this pool.
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The other example is the identification of a double conju-
gate of 24-hydroxycholesterol in human plasma and urine.
FAB and ES mass spectra of urine from cholestatic patients
suggest the presence of a wide variety of conjugated bile acids
and bile alcohols. As an example, a sample was fractionated on
a lipophilic ion exchanger into groups of conjugates, which
were then analyzed by capillary column LC–MS. In this way
more than 150 different conjugated bile acids and bile alcohols
could be detected as separate peaks in reconstructed ion chro-
matograms (175). One of the unknown compounds, observed
as the deprotonated molecule at m/z 657, was selected for struc-
tural study because it was present in the most severe cases of
cholestasis. The m/z value, the mobility on the ion exchanger,
and the CID spectrum were compatible with a sulfated and glu-
curonidated conjugate of a hydroxycholesterol. Solvolysis of
the sulfate gave the expected product at m/z 577, having the
mobility of a glucuronide on the ion exchanger. CID of this ion
showed that it was a 24-glucuronide. Enzymatic hydrolysis
gave the free sterol(s), which were analyzed by GC/MS and
found to consist predominantly of 24-hydroxycholesterol.
Lesser amounts of other mono- and dihydroxycholesterols
were also present that, by the method of isolation, must also
have been sulfate glucuronide double conjugates.

The presence of the double conjugate of 24-hydroxycholes-
terol in plasma and urine of patients with severe cholestasis is
interesting for several reasons. First, this conjugate requires spe-
cial analytical methods to be included in studies of levels and
metabolism of 24-hydroxycholesterol. As shown by Björkhem
and Meaney, 24-hydroxycholesterol is the major metabolite of
cholesterol in the brain (176). Under steady-state conditions its
formation and efflux balance most of the de novo synthesis of
cholesterol in the brain. The forms in which it exists in the pe-
ripheral circulation are important because all forms should be
included in calculations of turnover and production rates. It has
also been shown that neurological diseases can affect the levels
of 24-hydroxycholesterol (176). The double conjugate was not
included in these measurements. Consideration of the presence
of a double conjugate is also of interest because 24-hydroxy-
cholesterol is a potential endogenous ligand to the LXRs and
may thus be of regulatory importance. We hypothesize that the
high levels of the double conjugate in conditions of severe
cholestasis reflect a hepatic encephalopathy with an increased
output of 24-hydroxycholesterol from the brain followed by
conversion to the sulfate and double conjugate in the liver. It may
be added that 24-hydroxycholesterol sulfate was one of the first
steroid sulfates found in our early studies of infant feces (177). 

Analogous methods were used to show that DHA is an en-
dogenous ligand of the retinoid X receptor, which is the het-
erodimerization partner of a number of nuclear receptors of
the steroid family (178). 

HEPATIC AND EXTRAHEPATIC 7α-HYDROXYLATION
OF OXYSTEROLS

In the course of studies of alternative pathways in bile acid
biosynthesis (102), M. Axelson, postdoctoral student J.

Shoda, and I collaborated with K. Wikvall’s group in Upp-
sala. We found that cholesterol could be converted to a 7α-
hydroxy-3-oxocholest-4-enoic acid in pig liver mitochondria
and that, besides the known cholesterol 27-hydroxylase, there
was a sterol 7α-hydroxylase different from cholesterol 7α-
hydroxylase (179). Pig liver microsomes were also found to
contain a 7α-hydroxylase that catalyzed 7α-hydroxylation of
27-hydroxycholesterol, 3β-hydroxycholest-5-enoic, and 3β-
hydroxychol-5-enoic acids (180). The same enzyme activity
was also present in human liver microsomes and mitochon-
dria (181). Owing to the presence of 3β-hydroxy-∆5-C27-
steroid dehydrogenase, end products with a 7α-hydroxy-3-
oxo-∆4 structure were also formed. Interestingly, a metabolite
with 3β,7β-dihydroxy-∆5 structure was formed by epimeriza-
tion of the 7α-hydroxy precursor. In contrast, there was no
product with a 7β-hydroxy-3-oxo-∆4 structure, showing that
the 3β-hydroxy-∆5-C27-steroid dehydrogenase does not oxi-
dize substrates with a 7β- instead of a 7α-hydroxy group.
This is of interest considering the species-specific formation
of ursodeoxycholic acid in bears (Ursus) (182) and the nutria
(182) and the finding of a considerable percentage of this bile
acid in one child (13). The low percentage of ursodeoxycholic
acid often present in human bile is usually ascribed to epimer-
ization of chenodeoxycholic acid during the enterohepatic cir-
culation, but this would be an unlikely mechanism for a
species-specific formation. It would be interesting to se-
quence the gene and determine the specificity and structure
of the active site of 3β-hydroxy-∆5-C27-steroid dehydroge-
nase in bears and the nutria. This would also be interesting in
view of the particular pharmacological effects of ursodeoxy-
cholic acid.

Hydroxylation of 25- and 27-hydroxycholesterol by an
oxysterol 7α-hydroxylase was independently confirmed by
several groups (183,184). The gene has been cloned (185),
and the enzyme (CYP7B1) is an essential component in the
biosynthetic pathway (alternative or acidic pathway) starting
with mitochondrial 27-hydroxylation of cholesterol, first pro-
posed by Mitropoulos and Myant (186) and Javitt and
coworkers (187). 

The finding of an oxysterol 7α-hydroxylase changed the
view that the classical pathway of bile acid biosynthesis, start-
ing by cholesterol 7α-hydroxylation, was necessarily the pre-
dominant pathway. The relative importance of these two path-
ways and their regulation in different species and under dif-
ferent physiological and pathological conditions are presently
being studied in many laboratories. Less attention is being
paid to the question of compartmentation in bile acid biosyn-
thesis. It is not clear whether the same enzyme pools are used
in the two pathways, which start in the endoplasmic reticu-
lum and mitochondria, respectively. Our finding that mito-
chondria can perform a sequence of reactions that, according
to present views about enzyme distribution, should require
shuttling from mitochondria to the endoplasmic reticulum
needs to be explained. If the same enzyme pools are being
used by the two pathways, which interactions between the
pathways can be expected?
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Intermediates in the pathways from cholesterol to bile acids
were tested for their ability to inhibit the activity of HMG-
CoA reductase in cultures of human diploid fibroblasts (188).
The regulation of cholesterol biosynthesis by oxygenated
sterol derivatives was one of George Schroepfer’s major inter-
ests (4,6), and George gave us one of his favorite synthetic in-
hibitors, 3β-hydroxy-5α-cholest-8(14)-en-15-one to use for
comparison. Together with M. Axelson, O. Larsson, J. Shoda,
and J. Zhang, we studied the effect of 23 potential intermedi-
ates (188). Only a few specific intermediates were found to be
of possible biological importance. 27-Hydroxycholesterol was
previously well established as an inhibitor, and among the
other intermediates only those having a 7α-hydroxy-3-oxo-∆4

nuclear structure and a 27-hydroxy group had a similar activ-
ity. So far none of these derivatives of 27-hydroxycholesterol
has been tested for activity as LXR ligands. Cholestenoic acids
and cholenoic acids with a 3-oxo-∆4-steroid structure (i.e., as
present in patients with 3-oxo-∆4-steroid 5β-reductase defi-
ciency) had a lower activity, as did precursors that could be
converted into the active compounds by 27-hydroxylation or
oxidation by 3β-hydroxy-∆5-C27-steroid dehydrogenase in the
fibroblasts. Although the activity of HMG-CoA reductase is
not directly correlated to cholesterol biosynthesis, our results
could perhaps indicate a connection between cholesterol and
bile acid synthesis mediated via intermediates in the path-
way(s) to chenodeoxycholic acid. This is of interest because
chenodeoxycholic acid is regarded as the most important en-
dogenous ligand of FXR. It is also the major bile acid synthe-
sized in patients with liver cirrhosis (and diminished choles-
terol synthesis), making a connection with my results of paper
chromatographic analyses 45 yr ago (189).

The inhibitory activity of the intermediates in bile acid
biosynthesis raised the question of whether 7α-hydroxylation
of 27-hydroxycholesterol could occur in extrahepatic cells.
We showed that this was indeed the case (190) (first reported
at the 13th International Bile Acid Meeting, Falk Symposium
80, San Diego, 1994). Both 25- and 27-hydroxycholesterol
were 7α-hydroxylated and then oxidized by the ubiquitous
3β-hydroxy-∆5-C27-steroid dehydrogenase to the 25(27),7α-
dihydroxy-3-oxo-∆4 sterols (see Ref. 152). Extrahepatic 7α-
hydroxylation of the 3β-hydroxy-∆5 steroid dehydroepian-
drosterone was first described by Sulcova and Starka in 1972
(191) and has since been shown by several groups to occur in
many cell types. However, in our experiments pregnenolone
and DHEA were hydroxylated to a much lower extent, if any,
than the two oxycholesterols and they were only weak in-
hibitors of the hydroxylation of the latter. This result is diffi-
cult to understand considering the present view that these 7α-
hydroxylations are being catalyzed by a single enzyme,
CYP7B1 (192).

Our results showed that formation of intermediates in bile
acid biosynthesis does not require a liver. Previous work by
Björkhem and others had shown the widespread occurrence
of cholesterol 27-hydroxylase (CYP27A1) (193). Previous
and ongoing work by the Björkhems group has shown that
hydroxylation of cholesterol in extrahepatic cells is of impor-

tance for cholesterol homeostasis in these cells. Thus,
macrophages are dependent on formation and secretion of 27-
hydroxycholesterol (5), the brain balances de novo synthesis
of cholesterol by hydroxylation to and elimination of 24-hy-
droxycholesterol (176,194), and the lung is the major source
of 3β-hydroxycholest-5-enoic acid in human plasma (195).

The bile acid precursors formed in extrahepatic cells are
transported to the liver and converted into normal bile acids.
Measurements of arterio-hepatic venous differences in hu-
mans showed an uptake of about 25 mg/24 h of bile acid pre-
cursors by the splanchnic area (liver) (193). About half of this
uptake consisted of 7α-hydroxy-3-oxocholest-4-enoic acid,
an end product of 27-hydroxycholesterol in the human fibro-
blasts (190). Thus the sequence of 27-hydroxylation, 7α-hy-
droxylation, and 3-dehydrogenation is a pathway for extra-
hepatic cholesterol metabolism in humans. However, data
from Björkhem’s laboratory suggest that circulating 7α-hy-
droxy-3-oxocholest-4-enoic acid also has a hepatic origin
(195). Duane and Javitt have arrived at similar values for the
flux of cholesterol metabolites to the liver by measuring the
production rates of 27-hydroxycholesterol (196).

The importance of CYP7B1 for the metabolism of oxys-
terols is also obvious from the analyses of the patient with a
genetic lack of the enzyme (160). The plasma levels of 27-
hydroxycholesterol in this patient were more than a thousand-
fold elevated, and total oxysterols were over 4,500 times
higher than normal. The extrahepatic contribution to these
levels is not known. 

The 7α-hydroxylation of 25- and 27-hydroxycholesterol
was extensive in rat brain microsomes and in cultures of rat
fetal astrocytes and neurons and newborn rat Schwann cells
(197,198). As in the case of the human fibroblasts, the 7α-hy-
droxylated products from the cell cultures were 3-dehydro-
genated into the 7α-hydroxy-3-oxo-∆4 steroids. A small frac-
tion of 27-hydroxycholesterol and its 7α-hydroxylated
metabolites was also oxidized to the corresponding cho-
lestenoic acids. 3β-Hydroxycholest-5-enoic and 3β-hy-
droxychol-5-enoic acids were also 7-hydroxylated as were
DHEA and pregnenolone. The products of the two latter com-
pounds were not 3-dehydrogenated. Our findings regarding
the metabolism of 27-hydroxycholesterol in glial cells may
help to explain the high levels of 7α-hydroxy-3-oxocholest-
4-enoic acid in chronic subdural hematoma (199) and suggest
that this acid may be formed locally. 

In the course of our studies, the presence in rodent hip-
pocampus of high levels of a new cytochrome P450 was re-
ported (200). This cytochrome, later shown to be CYP7B1,
catalyzes the 7α-hydroxylation of DHEA, pregnenolone, and
25- and 27-hydroxycholesterol. It appears to be the major 7α-
hydroxylase, perhaps the only one, for steroids with a 3β-hy-
droxy-∆5 structure in the brain (201). The potential function
of this reaction in signaling has been discussed by Lathe (192).

In our experiments, 24-hydroxycholesterol was a notable
exception in that it was not 7α-hydroxylated and 3-dehydro-
genated, underlining the special role of this oxysterol in brain
cholesterol metabolism (5). However, 24-hydroxycholesterol
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as well as 27-hydroxycholesterol underwent 25-hydroxyla-
tion in the astrocytes. These cells also produced 7α,25-dihy-
droxy-4-cholesten-3-one de novo during the incubations. The
importance of this finding is unknown; 25-hydroxycholes-
terol has been one of the most intensely studied oxysterols
and is a ligand of LXR but it is not clear if it has a function in
vivo. Our result could indicate that 25-hydroxylated metabo-
lites of cholesterol have a function in the brain.

The question of whether 7α-hydroxylation and subsequent
3-dehydrogenation of oxysterols are of importance as an au-
tocrine or paracrine mechanism in the cellular regulation of
cholesterol homeostasis was independently addressed by Ax-
elson and Larsson and ourselves (202,203). Several cancer
cells and virus-transformed fibroblasts are resistant to the in-
hibitory effects of oxysterols on the activity of HMG-CoA re-
ductase, and several of these cell types also lack the oxysterol
7α-hydroxylase. Whereas Axelson and Larsson found that
27-hydroxycholesterol was converted to 7α,27-dihydroxy-
cholest-4-en-3-one before suppressing production of choles-
terol in normal human fibroblasts (202), we did not find a cor-
relation between the presence of an oxysterol 7α-hydroxylase
and the ability of 25- or 27-hydroxycholesterol to suppress
the activity of HMG-CoA reductase (203). It is possible that
differences in the mode of addition of the sterols to the cell
cultures affect the results and can explain the apparent con-
tradiction. The 7α-hydroxylation in extrahepatic cells may be
regulated since it was stimulated by glucocorticoids and in-
terleukin-1β and inhibited by the glucocorticoid antagonist
RU 486 (203,204). It was also inhibited by metyrapone, a
known inhibitor of the 11β-hydroxylase.

The 7α-hydroxylation can be an inactivating reaction. It is
known that 25-hydroxycholesterol can have immunosup-
pressing effects by inducing apoptosis of thymocytes. We
found that thymic epithelial cells (but not thymocytes) con-
verted 25- and 27-hydroxycholesterol by 7α-hydroxylation
and 3-dehydrogenation into the corresponding sterols with a
7α-hydroxy-3-oxo-∆4 structure, which did not induce thymo-
cyte apoptosis (204). As in the other cell types studied,
cholestenoic acids were also formed from 27-hydroxycholes-
terol. Whether this is an important mechanism for protection
of thymocytes against dietary or circulating oxysterols re-
mains to be investigated. The mechanism by which 25-hy-
droxycholesterol induces thymocyte apoptosis is not known;
our results with inhibitors indicate that it is different from the
induction by glucocorticoids. 

ANALYSIS OF NEUROSTEROIDS BY ES-MS

The term neurosteroids was coined by E.-E. Baulieu (205)
and initially referred to steroids synthesized from cholesterol
in the nervous system and their metabolites. The definition
may now be somewhat broader. In contrast to classical steroid
hormones, the neurosteroids exert their function by binding
to neurotransmitter receptors. A PubMed search for “neuro-
steroids” during the preparation of this manuscript gave 974
hits, the majority of investigations being of a physiological or

pharmacological nature. We collaborated with Baulieu’s
group in performing the mass spectrometric identification of
the first steroids of this category in brain: DHEA and preg-
nenolone (206–208). The sulfates of these steroids were also
identified indirectly by identifying the free steroids after
solvolysis of fractions corresponding to steroid sulfates.
However, recent work has shown that the steroids released by
solvolysis in these studies were not sulfates (see below), and
ongoing work with Baulieu’s group has shown that preg-
nenolone and DHEA are present in rat brain in an unknown
bound form, at concentrations much higher than those of the
unconjugated steroids (209).

The extraordinary advances in ES-MS with nanospray and
coupling to capillary LC columns prompted W. Griffiths and
me to evaluate these methods for analysis of neurosteroids in
brain, and we engaged a student, S. Liu, in the project. Detec-
tion limits and fragmentation of reference steroid sulfates dur-
ing ES/CID MS were determined using a double-focusing in-
strument with a fourth orthogonal time-of-flight sector (Au-
toSpec-OATOF) (210). Monitoring of the deprotonated
molecules gave a sensitivity in the low femtomole range, as
did monitoring of precursor ions of m/z 97 (sulfate) in a triple
quadrupole instrument. Since neutral steroids are poorly pro-
tonated in ES, resulting in low sensitivity of detection, they
were derivatized prior to analysis. Conversion into oximes
was chosen for four reasons: (i) oximes are easily prepared,
(ii) most neurosteroids have an oxo group, (iii) oximes can be
selectively isolated as a group from a biological extract on a
lipophilic ion exchanger (41,211), and (iv) oximes gave a 20-
fold increase in sensitivity. The oximes gave structurally in-
formative spectra, also with low-energy collisions as obtained
when using a triple quadrupole instrument (212). For exam-
ple, oximes of 3-oxo-∆4 steroids gave typical fragment ions
of the A/B rings at m/z 112, 124, and 138, and 20-oximes of
pregnanolones and pregnenolone gave an intense fragment
ion at m/z 86. Thus, it was possible to monitor either the pro-
tonated molecules, or specific product ions of selected pre-
cursors, or precursors of selected product ions. The sensitiv-
ity was in the low femtomole or mid-attomole range depend-
ing on the mode of detection (213).

A capillary precolumn-column (100 µm i.d. for flow rates
around 200 nL/min) system was designed to fit the probe of
the AutoSpec, or be connected to a UV-detector or a triple
quadrupole instrument, and to permit use of gradients and in-
jections of 1–20 µL of sample solution with simultaneous de-
salting (214). An important feature was the use of two split-
ters, one between the injector and precolumn (permitting low-
flow gradients), the other between the precolumn and the
analytical column (permitting injection of 20 µL at high flow
rate). The system was evaluated by analyzing steroid sulfates
in human plasma. It is remarkable that only 5 µL of plasma
was used in the analysis as compared to 2 mL when our orig-
inal analyses by GLC and GC/MS were developed 40 yr ago
(53,56). Also, the LC–MS method is fast since the intact sul-
fates are analyzed directly preceded by a simple delipidation
step, and the desalting occurs on the precolumn. On the other

714 J. SJÖVALL

Lipids, Vol. 39, no. 8 (2004)

 



hand, it is important to realize that the speed and resolution
of capillary GLC are still much higher than that of packed
column capillary LC, which is limited by the slow diffusion
rates in the liquid phase. The CID spectra in ES-MS also give
less information about the structure of the steroid skeleton
than the electron impact spectra obtained in GC/MS analyses.
Thus, combined analysis by LC–MS and GC/MS (after cleav-
age of conjugates) will give the most reliable identification of
components in complex steroid mixtures.

In the course of these studies we found that electrochemi-
cal oxidations could occur on the precolumn or analytical col-
umn (215). Steroids with a 3β-sulfoxy-∆5 structure underwent
reactions similar to those of autoxidation, so that DHEA and
pregnenolone sulfates disappeared from the chromatograms.
Appropriate grounding between the ES-needle and the
columns eliminated the upstream current through the columns
and prevented the reactions.

A sample preparation method was developed to permit
amounts corresponding to 20 mg brain to be injected in the
capillary LC–ES-MS system. It is based on our previous meth-
ods and consists of ethanol extraction of brain, passage of the
extract through beds of C18 silica and a lipophilic cation ex-
changer to remove lipids, and application of that effluent to a
lipophilic anion exchanger that separates the sample into neu-
tral and sulfated compounds. The sulfated compounds are de-
salted and analyzed by capillary LC–ES-MS. The neutral frac-
tion is reacted with hydroxyammonium chloride; the oximes
formed are selectively isolated on a lipophilic cation ex-
changer and are then analyzed by capillary LC–ES-MS.

Analysis of rat brain by this method failed to show the ex-
pected presence of pregnenolone sulfate and DHEA sulfate.
If present in rat brain, their levels must be less than 0.3 µg/g.
Our results are supported by the results of Shimada et al.
using immunossays specific for the sulfated steroids
(216,217). Since this is 10–50 times less than previously as-
sumed, our finding calls for a reevaluation of the functions of
these steroids in the rat brain. Our ongoing work with
Baulieu’s group also stresses the need for further studies of
neurosteroids in the rat brain as previously suggested by
Prasad et al. (218).

The LC–ES-MS analyses of free steroids in rat brain show
that the method is satisfactory. It confirms sex differences in
levels of progesterone and testosterone, it is able to measure
the low levels of DHEA (50–100 pg/g), and it shows the pres-
ence of several isomers of pregnanolone besides the most
studied 3α-hydroxy-5α isomer (allopregnanolone) (219). The
method should make it possible to perform more unbiased in-
vestigations of the occurrence of unknown steroids and to de-
termine the distribution of steroids in different brain areas.
There is a limitation, however, in that an oxo group is needed
for derivatization and isolation of the steroids. Introduction
of an enzymatic step, e.g., with cholesterol oxidase, might ex-
tend the applicability of the method. Quantification is also a
problem with ES ionization, which is at best semiquantita-
tive; steroids labeled with heavy isotopes are presently
needed as internal standards for accurate quantification.

The successful use of oximes in ES-MS analyses of oxo-
steroids stimulated studies of alternative derivatives. Shackle-
ton (220) had published on the use of the classical Girard T
reagent in analyses of testosterone esters. With W. Griffiths
we are evaluating the use of the Girard P reagent for analysis
of oxysterols in brain. In using CID at low collision energies,
the Girard P derivatives of 3-oxo-∆4 steroids give characteris-
tic neutral losses of 79 and 107 Da, useful for high-sensitivity
detection and monitoring of the protonated steroid derivatives
in a triple quadrupole instrument (221). For analysis of brain,
a fraction containing free oxysterols is isolated, oxidized with
cholesterol oxidase, and derivatized. An intense peak at m/z
534 giving an identical CID spectrum to the product from 24-
hydroxycholesterol is obtained, as expected. Products of dihy-
droxycholesterol are also seen (Griffiths, W.J., Alvelius, G.,
Tamasawa, N., and Sjövall, J., reported at the 18th Interna-
tional Bile Acid Meeting, Stockholm, June 18–19, 2004). The
method should be useful in the search for compounds of the
type described above to be formed in cultures of glial cells. 

IMPORTANCE OF MS

I was fortunate to be introduced to organic MS by Bergström
and Ryhage more than 40 yr ago. The development of biolog-
ical MS has been truly amazing, particularly following the in-
ventions of the soft ionization methods. These have made it
possible to study not only small nonvolatile metabolites but
also proteins. MS is now the major technique in the field of
proteomics, and noncovalent interactions between proteins
and between small molecules and proteins, e.g., steroid re-
ceptors, can now be investigated by MS. It is possible to dis-
tinguish between specific ligand binding and non-specific
protein binding of bile acids (Lengqvist, J., Perlmann, T., Sjö-
vall, J., and Griffiths, W.J., unpublished data). Clinical appli-
cations of MS are no longer limited to analyses of metabolic
profiles of small molecules (metabonomics, lipidomics,
steroidomics, sterolomics, etc.); the proteins can also be ana-
lyzed. A rate-limiting step in many or almost all cases of pro-
file analysis is the preparation of the samples for ES-MS, as
exemplified for small molecules in this paper. However, it
should be possible to construct miniaturized and automated
systems based on the principles used in our sample prepara-
tion procedures. Perhaps the future in clinical applications
will be MS of tissue slices as demonstrated so elegantly by R.
Caprioli and coworkers (222). Fourier transform ion cy-
clotron resonance MS with its remarkable resolution and sen-
sitivity will permit previously inconceivable studies of pro-
teins and metabolic studies with multiple isotope labeling. It
has been exciting to have had the opportunity to follow this
development during 50 yr of research on steroids and bile
acids in health and disease.
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ABSTRACT: In plants, two pathways are utilized for the syn-
thesis of isopentenyl diphosphate (IPP), the universal precursor
for isoprenoid biosynthesis. In this paper we review findings and
observations made primarily with tobacco BY-2 cells (TBY-2),
which have proven to be an excellent system in which to study
the two biosynthetic pathways. A major advantage of these cells
as an experimental system is their ability to readily take up spe-
cific inhibitors and stably- and/or radiolabeled precursors. This
permits the functional elucidation of the role of isoprenoid end
products and intermediates. Because TBY-2 cells undergo rapid
cell division and can be synchronized within the cell cycle, they
constitute a highly suitable test system for determination of
those isoprenoids and intermediates that act as cell cycle in-
hibitors, thus giving an indication of which branches of the iso-
prenoid pathway are essential. Through chemical complemen-
tation, and use of precursors, intracellular compartmentation
can be elucidated, as well as the extent to which the plastidial
and cytosolic pathways contribute to the syntheses of specific
groups of isoprenoids (e.g., sterols) via exchange of intermedi-
ates across membranes. These topics are discussed in the con-
text of the pertinent literature.

Paper no. L9541 in Lipids 39, 723–735 (August 2004).

Isoprenoids represent the largest family of natural compounds
with over 35,000 characterized molecules, most of them
being described in plant systems (1). A prominent example is
tobacco as a species, which contains nearly 500 isoprenoid
molecules (2) out of 2500 identified compounds (3). The iso-
prenoid pathway in plants apparently is more intricate than

that in other organisms and is consequently subjected to close
regulation; it is presumably organized in metabolic channels
(4). Moreover, the metabolic flux through different pathways
and in different compartments of the plant cell can vary sub-
stantially, depending on particular requirements during devel-
opment. Many isoprenoids are unique to plants. Among those
are phytohormones (some cytokinins, absciscic acid, gib-
berellins, brassinosteroids), a number of molecules directly
or indirectly implicated in photosynthesis (carotenoids,
chlorophylls, plastoquinone), and others involved in sec-
ondary metabolism (an array of monoterpenes, sesquiter-
penes, and diterpenes). Interestingly, plants are special in the
biosynthesis of the universal precursor, isopentenyl diphosphate
(IPP, C5), and its chemically active isomer, dimethylallyl
diphosphate (DMAPP), in that they utilize two distinct compart-
mentalized pathways. The first one, the well-known mevalonate
(MVA) pathway (5), occurs in the cytosol/endoplasmic reticu-
lum (ER), whereas the second one, the more recently discov-
ered 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway, is
present in the plastidial compartment (6–10). 

MVA-derived metabolites, such as phytosterols, preny-
lated proteins, ubiquinones, and cytochrome a 3, are mainly,
but not strictly, implicated in vital cell functions. The key en-
zyme in the MVA pathway is 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGR, E.C. 1.1.1.34). In plants, a
family of genes encodes at least three isozymes, depending
on the plant species (11,12). Based on sequence similarities,
tobacco plants contain three families of genes, with more than
seven closely related isogenes (13). In comparison with mam-
malian cells (14), this membrane-bound enzyme plays a key
regulatory function in the biosynthesis not only of sterols
(15–17), but also of some plant-specific isoprenoids (18). The
enzyme is closely regulated at the transcriptional and post-
transcriptional level (11,19). The importance of this enzymic
reaction in nature is further emphasized by the existence of
highly specific inhibitors of HMGR such as mevinolin, also
referred to as lovastatin, found in ascomycetes (20).

Only recently has the MEP pathway been completely eluci-
dated (21). Besides gibberellic acids and abscisic acid, which
are vital phytohormones, and molecules having antioxidant
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properties and/or functions in photosynthesis such as
carotenoids, α-tocopherol, and plastoquinone, other MEP-de-
rived compounds play a role mainly in secondary metabolism
(22). Within the MVA-independent pathway it was expected that
1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR)
would  catalyze the limiting step, simply through the existence
of the microbial antibiotic fosmidomycin, which specifically
blocks this reaction (23). In the plant kingdom, studies with Ara-
bidopsis thaliana supported this hypothesis (24). Other experi-
ments, however, showed that the first enzyme, 1-deoxy-D-xylu-
lose 5-phosphate synthase (DXS), also is rate-limiting (25,26). 

The way these MVA and MEP pathways are regulated re-
mains obscure. It seems clear that the accumulation of end
products might exert a retro-inhibitory control on the activi-
ties of key enzymes (27), or that signal transduction pathways
would be implicated (28,29). It is no surprise that environ-
mental changes affect the biosynthetic pathways (30), but so
far no regulatory elements or transcription factors have been
clearly identified. Several recent independent studies found
that the plastidial pathway can exchange isoprenoid precur-
sors with the cytosolic pathway for the synthesis of normally
MVA-derived compounds (6,31–36). The reverse exchange
is observed under certain circumstances (e.g., in the presence
of inhibitors), as will be discussed later, but is not as efficient.
Other plant-specific cell components, with a mixed cytosolic
and plastidial origin are synthesized starting from a prenyl
group (6,32,37). However, it is still unknown whether the ex-
change of isoprenoid precursors between cell compartments
can, for instance, play a rescue and/or regulatory function in
vivo, and to what extent. 

ADVANTAGES IN USING TOBACCO BRIGHT
YELLOW-2 CELLS

Tobacco (Nicotiana tabacum) cv. Bright Yellow-2 (TBY-2)
cells correspond to a pale-yellow cell suspension that has
been used mainly for the elucidation of cellular functions.
This is due to their rapid cell duplication, which is around 14
h (38). They do not agglomerate into calli as other plant cell
suspensions often do, but can form a string of a few cells. Fur-
thermore, they contain all organelles found in other cell types,
with a considerable number of mitochondria (38). No chloro-
plast formation can be initiated, but they contain active pro-
plastids or leucoplasts (38), which can also evolve into amy-
loplasts under some specific conditions (39). The plastids can
easily be visualized by confocal microscopy after transient
expression of specific plastid-targeted peptides fused to the
N-terminal side of a green fluorescent protein (GFP) (Fig. 1).
They frequently are uniformly distributed within the cytosol
(Figs. 1A, 1B) but also sometimes accumulate around the nu-
cleus (Figs. 1C, 1D), a situation we never observed for other
tobacco or Arabidopsis cell lines. This effect is reproducible
with different transit peptides from enzymes implicated in
plastidial isoprenoid biosynthesis. In any case, because the
cell suspension is unable to perform photosynthesis, it is condi-
tioned to use exogenous nutrients. For this reason, the cells are

adapted to absorb all kind of compounds readily from the
medium, even those that are not needed for growth. In our expe-
rience, most inhibitors, biosynthetic intermediates, and precur-
sors of the isoprenoid biosynthetic pathways penetrate TBY-2
cells very rapidly and efficiently (35,40–46), and thus do not
present difficulties when time studies on induced effects are de-
sired. By the same token, they provide an excellent system for
incorporation studies (35,40,44–46) owing to their extremely
high productivity. They also represent a highly suitable system
for studying regulatory interactions between isoprenoid biosyn-
thesis and fundamental processes such as cell division and
growth (41,42,47,48), as guaranteed by high metabolic flux rates
to end products of biosynthetic pathways (e.g., sterols). In addi-
tion, TBY-2 cells show high activities of putatively rate-limiting
enzymes such as HMGR, which are otherwise difficult to mea-
sure in some other plant species. Indeed, the enzyme activity in
TBY-2 cells is higher than that found in a sterol-overproducing
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FIG. 1. Cellular localization of specific plastid-targeted peptides [of en-
zymes implicated in the 2-C-methyl-D-erythritol 4-phosphate (MEP)
pathway of isoprenoid biosynthesis] fused to the N-terminal side of a
green fluorescent protein (GFP) under the control of the constitutive
cauliflower virus 35 S promoter. Tobacco Nicotiana tabacum cv. Bright-
Yellow-2 (TBY-2) cells were transformed by tungsten particle shooting
with an inflow gun. Transient expression was examined by confocal mi-
croscopy (LSM510 confocal laser-scanning microscope equipped with
an inverted Zeiss Axiovert 10 M microscope) after 16 h of expression.
GFP was excited at 488 nm using an argon laser, and emission spectra
were recorded between 505 and 530 nm (panel A and C) compared
with the corresponding bright field (panels B and D). Panels A and B
represent plastids within the cytosol; panels C and D represent plastids
accumulated around the nucleus.



tobacco mutant (sterov) affected in HMGR activity, which is with
stimulated several-fold as compared with the wild-type (15). 

REPRESENTATIVE ISOPRENOIDS FOUND
IN TBY-2 CELLS

TBY-2 cells, cultivated in suspension, contain several classes
of isoprenoid compounds. Phytosterols, representing nearly
0.2% of the total dry weight, are the major one. The composi-
tion, described by Wentzinger et al. (46), showed a classical
predominance of stigmasterol, 24-methylcholesterol
(campesterol), and sitosterol, as described for other plant
species (49). The cells also contain two major prenylquinones,
plastoquinone PQ9 and ubiquinone Q10 (40), which are im-
plicated in electron transport in plastids and mitochondria, re-
spectively. Consequently, each cell compartment is supposed
to contain a complete metabolic pathway leading to the for-
mation of highly represented end products (Fig. 2): Phytos-
terols are synthesized in the cytosolic/ER compartment,
whereas the plastidial compartment contains mainly plasto-

quinone PQ9, and mitochondria contain high amounts of
ubiquinone Q10. Starting from a reasonable cell-culture vol-
ume, enough of the three above-mentioned compounds can
be purified for analysis by MS or even by NMR. Conse-
quently, for analyzing the regulation of biosynthetic interme-
diates and final products, a cell line such as TBY-2, which
contains only a limited array of products, appears to be quite
advantageous. 

In the cell suspension, as a heterotrophic system, some end
products that are found in intact plants, are not produced. As
an example, TBY-2 cells seem to be unable to synthesize phy-
tol and/or phytyl diphosphate for the synthesis of the side
chain of chlorophylls. Similarly, despite several attempts, we
were not able to identify an accumulation of free solanesol,
typical for tobacco plants. Solanesyl diphosphate is used for
plastoquinone PQ9 biosynthesis and is known to accumulate
in large amounts in tobacco leaves. Its apparent absence in
TBY-2 cells might be explained by the high turnover within
the pathway. In contrast to what has been described by
Goossens et al. (50), in the TBY-2 cell suspension we use,
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FIG. 2. Biosynthetic compartmentation of major isoprenoids found in TBY-2 cells. Cytosolic and mitochondrial isoprenoids derive from meva-
lonate (MVA), whereas plastidial compounds are synthesized starting from MEP. The most abundant isoprenoids in TBY-2 cells are (i) campesterol,
(ii) sitosterol, (iii) stigmasterol, (iv) ubiquinone Q10, (v) plastoquinone PQ9, and (vi) phytoene. GAP, glyceraldehyde 3-phosphate; DMAPP, di-
methylallyl diphosphate; IPP, isopentenyl diphosphate. For other abbreviations see Figure 1.
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carotenoids are virtually nonexistent under standard culture
conditions. Chemical analyses revealed that TBY-2 cells syn-
thesize mainly phytoene, the first common carotenoid precur-
sor (45), which suggests a near-absence of subsequent dehy-
drogenation steps. The concentration of phytoene increases
after the culture medium is supplied with 1-deoxy-D-xylulose
(DX). Phytoene, in combination with α-tocopherol and plas-
tohydroquinone, may play an antioxidative function in the
cell suspension.

Because TBY-2 cells grow under rather environmentally
isolated conditions, isoprenoid secondary metabolites are al-
most nonexistent. TBY-2 cells are, for example, unable to
produce capsidiol, a phytoalexin sesquiterpenoid (Fritig, B.,
IBMP, personal communication) that is commonly found in
tobacco cell suspensions after elicitation with a necrotic le-
sion-inducing type of elicitor (51). For this reason, TBY-2
cells do not represent the most adapted model to study
plant–pathogen interactions, although they display some of
the early responses such as extracellular alkalinization, active
oxygen species production, and so forth, but also cell death
induction (50,52).

APPROACHES USED TO STUDY THE ISOPRENOID
PATHWAYS

In previous experimental approaches aimed at elucidation of
biosynthetic pathways, we demonstrated the usefulness of
TBY-2 cells in combination with inhibitor treatments. Mevi-
nolin especially (20) was revealed to be an excellent probe to
evaluate the role of MVA in various physiological and bio-
chemical processes in plants (53–56). In a quite early study,
compactin, a homolog of mevinolin, was used in a celery cell
suspension culture in an attempt to quantify a putative MVA
pool (54). Fosmidomycin (57) is a mycotoxin and an inhibitor
of the MEP pathway (23). It was subsequently used in sev-
eral studies to block this pathway even in plants, where the
inhibitor has to cross the plasma membrane and the plastid en-
velope before reaching its target enzyme. Treatments led to
bleaching of plants and/or a decrease in the content of MEP-
derived compounds (58,59). Similarly, other specific inhibitors
can be used; some of them have been summarized previously
(43,46,60). The aim is to achieve a block of metabolic flux rates
in vivo in order to investigate physiological reactions, for in-
stance to force the cells to use an alternative substrate for
biosynthesis.

Metabolic pathways have been deciphered mainly by iso-
tope labeling studies (61). To circumvent internal dilution
and/or intracellular complementation by anaplerotic path-
ways during incorporation studies, application of inhibitors is
the method of choice. When stable isotope-labeled precursors
are used, the analysis by MS or NMR spectroscopy gives in-
formation on the pathway through which end products had
been synthesized. A more sensitive technique is the use of ra-
diolabeled precursors. However, especially in the case of iso-
prenoid biosynthesis, a frequent bias in the literature arises
from the techniques used to isolate organelles and end prod-

ucts, whose radiochemical purity has not always been proven.
Further, when cell suspension cultures are used, labeled
biosynthetic precursors are incorporated via the culture
medium; thus, they need to remain stable in the medium
throughout the incubation period. Moreover, they need to
cross first the cell wall (although this is quite rudimentary in
TBY-2 cells), then at least the plasma membrane, in order to
get into the cell before being integrated into a cytosolic path-
way, or even more membranes, should integration occur in
organelles. As with other plant species, both DX and MVA
are easily absorbed by TBY-2 cells. In the latter case, in our
experience they accept the free acid form of MVA much bet-
ter than its uncharged lactone, which suggests the involve-
ment of a membrane transporter. Whereas in Escherichia coli
2-C-methyl-D-erythritol (ME) can also be integrated into the
MEP pathway (62), this compound is toxic for TBY-2 cells
(Hemmerlin, A., unpublished observations). DX and ME
need to be phosphorylated before their integration into the
MEP pathway. The respective kinases capable of phosphory-
lating these sugar derivatives were identified in bacterial
species and correspond to D-xylulose kinase, which accepts
DX as an alternative substrate (63), and to sorbitol phospho-
transferase, for ME (64). The inability of TBY-2 cells to use
this latter precursor can be explained by the absence of such
a type of transporter in plants. 

An alternative method to study biosynthetic pathways is to
characterize knockout mutant lines (65). With this approach,
the use of TBY-2 cells has a certain disadvantage. However,
TBY-2 cells were shown to be quite promising in attempts to
perform RNA interference (66); thus, the targeted inactiva-
tion of genes and blockage of enzymes derived from them
will be possible. 

MODEL TO STUDY EARLY STEPS OF ISOPRENOID
BIOSYNTHESIS

As discussed previously, HMGR catalyzes a key regulatory
step in the MVA pathway. As in other organisms, as well as
in TBY-2 cells, the enzyme activity is modulated in response
to various treatments. For instance, exposure of TBY-2 cells
to mevinolin led to induction of apparent HMGR activity, and
an increase in the quantity of protein and mRNA, although it
has to be noted that there is only a relative, but not a strict
coupling, between those parameters (41,42). The increased
protein level most likely represents two HMGR isozymes
(35). Taking those and other observations together, it is not
surprising that induction of apparent HMGR activity by mevi-
nolin, to overcome the depletion of MVA-derived isoprenoid
units, follows a biphasic behavior, with overlapping peak
characteristics (35). 

Enzyme activity is also stimulated by inhibitors acting
downstream of HMGR, such as squalestatin, an inhibitor of
squalene synthase, or terbinafin, an inhibitor of squalene epox-
idase (46,67). Other compounds also were shown to stimulate
HMGR activity, for instance farnesol (42), corresponding to
the dephosphorylated form of farnesyl diphosphate (FPP), the
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central C15 intermediate in the cytosolic biosynthetic pathway.
In vivo, farnesol can be phosphorylated by two independent ki-
nases (68), then be integrated into biosynthetic pathways. In
animal systems, farnesol is considered to be the nonsterol com-
pound that is responsible for the negative retro-control of
HMGR (69,70). With the presence of HMGR isozymes in
plants, the situation is different: Close inspection of the time
course after treatment with farnesol revealed a rapid decrease

of HMGR activity; however, after 24 h this was followed by
an increase of activity (Fig.  3A). The estimation of mRNA by
quantitative real-time polymerase chain reaction showed that
transcription of mainly one isogene expressed in TBY-2 cells
was stimulated quite significantly after 48 h of treatment (Fig.
3B). Therefore, we could assume that in TBY-2 cells, and
maybe more generally in plants, the isoform responsible for the
pathway regulation could be down-regulated as in animal cells,
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FIG. 3. Influence of farnesol (Fol) treatment on apparent activity of microsome-bound HMG-
CoA reductase (HMGR). (A) TBY-2 cells were treated (Fol 50 µM) or not (Fol 0 µM) with Fol
before isolation of membrane fractions. Activity was always measured in the presence of 30
µM R,S-[3-14C]HMG-CoA (10-fold Km) and 30 µg of microsomal protein. (B) Real-time poly-
merase chain reaction analysis of HMGR1 (-hmg1) and HMGR2 (-hmg2) gene expression.
Actin was used as a standard for normalization. SA, specific activity. For other abbreviations
see Figure 1. 



whereas at the activity level this phenomenon is compensated
for by activation of another isoform. This can be interpreted to
mean that under our cultivation conditions we have two major
forms of active enzyme, a housekeeping one that reacts slowly
and a stress-induced one. We were able to discriminate two
HMGR isoforms in TBY-2 cells that slightly differed in their
molecular mass and could thus be resolved by high-resolution
SDS-PAGE and Western blot analysis (35).

TBY-2 cells were also revealed to be helpful in studying the
so-called branching of the MEP pathway. In E. coli, the last en-
zyme in the pathway, LytB forms IPP and DMAPP simultane-
ously (71,72). This phenomenon, called “branching,” was dis-
covered by demonstrating the nonessential function of IPP iso-
merase in bacteria (73,74). The situation was more obscure in
plants, and some early studies suggested that the synthesized
C5 precursor was exclusively IPP, as it was for the MVA path-
way (75,76). The enigma was solved when Rieder et al. (77)
analyzed the monoterpene cineol in Eucalyptus plants and ob-
served different labeling patterns in the isoprene units derived
from IPP and DMAPP after [4-2H]DX incorporation. The use
of TBY-2 cells allowed us to confirm unambiguously that
plants, like bacteria, synthesize IPP and DMAPP simultane-
ously in the MEP pathway; however, the situation seems to
be more intricate than in bacteria, as IPP isomerase is appar-
ently active in plastids (45). The differences found in several
organisms were discussed in detail by Wolff et al. (78). 

MODEL TO STUDY CELLULAR COMPARTMENTATION
OF ISOPRENOID SYNTHESIS

The use of TBY-2 cells helped us to elucidate how and to what
extent different plant compartments can exchange isoprenoid
precursors. This was first examined with the cytosolic and mi-
tochondrial compartments. As mitochondria contain neither the
MVA nor the MEP pathway, we were interested in understand-
ing what carbon source is used to build up ubiquinone Q10 as
the major isoprenoid. It is noteworthy that, in the past, TBY-2
cells were optimized to obtain varieties producing high
amounts of ubiquinone Q10 (79), an additive in cosmetics and
nutrition. In an earlier study, it was suggested that in plants,
plastoquinone PQ9 and ubiquinone Q10 share a common ori-
gin (80), with both compounds being synthesized in the cy-
tosol, followed by selective translocation to plastids and mi-
tochondria, respectively. By using the TBY-2 cell line, we
could prove that ubiquinone Q10 and plastoquinone PQ9, the
latter found in the plastids, are of different biosynthetic origin
(40). Whereas the plastoquinone PQ9 side chain is synthe-
sized from MEP-derived IPP, the ubiquinone Q10 side chain
is clearly a derivative of MVA. We also demonstrated that an
exchange of isoprenoid precursors between the cytosol and
mitochondria must exist (40). However, the compound cross-
ing the membrane has not yet been identified. As a specific
mitochondrial-targeted IPP isomerase occurs in A. thaliana
(81), it is most likely IPP that is imported. In earlier work per-
formed by Lütke-Brinkhaus et al. (82), IPP was taken up by
mitochondria purified from different plant species. However,

it was also shown that to some extent, farnesol, which is phos-
phorylated by cytosolic kinases (68), can be integrated into
ubiquinone Q10 in TBY-2 cells (44). Therefore, it seems likely
that at least FPP can also be translocated across the mitochon-
drial membrane. 

We then focused our attention on the exchange of com-
pounds between the cytosol and plastids. Whereas some
biosynthetic spillover had already been shown in studies per-
formed by the group of Duilio Arigoni at the ETH Zürich (6)
using Ginkgo biloba embryos, we wanted to know whether
this exchange could be activated and to what extent. Other
groups performed comparable experiments (32,33,36,83). By
using TBY-2 cells, we could, however, show that for the
biosynthesis of sterols the cells can rely completely on a pool
of MEP-derived precursors, so long as the MVA pathway is
blocked (35). This was demonstrated by incorporation studies
with [1,1,1,4-2H4]DX with TBY-2 cells treated by mevinolin.
The unique aspect of our study was to show that this spillover
could reach up to 100%, a much higher rate than that obtained
in any other plant system studied so far. Addition of DX to the
culture medium of mevinolin-treated cells complemented
growth inhibition at the same low millimolar concentration
range as did MVA, the product of the inhibited enzyme. Further,
DX partially re-established feedback repression of mevinolin-
induced HMGR activity. Inhibition by fosmidomycin (although
much less active as a growth inhibitor), which blocks MEP syn-
thase, could be partially overcome by addition of MVA, and
chemical complementation was further substantiated by incor-
poration of [2-13C]MVA into plastoquinone, representative of
plastidial isoprenoids. The best rates of incorporation of exoge-
nous stably-labeled precursors were observed in the presence of
both inhibitors, thereby avoiding any internal isotope dilution.
Thus, an exchange of isoprenoid precursors from the cytosol to
the plastids seems possible, albeit at low efficiency. 

REGULATION OF STEROL BIOSYNTHESIS
IN TBY-2 CELLS

In plants, phytosterols play a role similar to that of choles-
terol in animal cells. They are functional in the maintenance
of membrane fluidity, thereby regulating permeability or con-
trolling the activity of some membrane-associate proteins,
and they are also implicated in the regulation of plant devel-
opment (49). Under standard growth conditions TBY-2 cells
synthesize these sterols from MVA (40), but sterol synthesis
can also be achieved from MEP-derived precursors (35).
TBY-2 cells are sensitive to inhibitors such as squalestatin or
terbinafine, which decrease sterol content, and they display
high activities of enzymes implicated in steroll biosynthesis
(46). However, it is surprising to note that despite the high
production of MVA, which is due to the elevated HMGR ac-
tivity, the cells do not accumulate esterified intermediates into
lipid droplets, as compared, for example, with the sterov mu-
tant (84). This observation might be explained by the fact that
in rapidly dividing and later expanding TBY-2 cells, the mem-
branes always formed de novo constitute a metabolic sink for
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sterols, which prevents a noticeable accumulation of esteri-
fied intermediates. The sterov mutant cells have a much
slower growth rate, and the high HMGR activity, most likely
due to a loss in feedback regulation, leads to accumulation of
bulky sterol intermediates, which are detoxified through es-
terification with FA and storage in lipid droplets (84). For all
these reasons, TBY-2 cells are highly suited as a plant model
for the study of the regulation of the phytosterol biosynthetic
pathway. 

It has been hypothesized that in plants, HMGR, at least the
isozyme possibly linked to sterol biosynthesis, is feedback-
regulated (85). The overexpression of the soluble catalytic
part of the hamster HMGR in a tobacco cell line led mainly
to the accumulation of sterol intermediates such as cy-
cloartenol (16), presumably as FA esters (17), whereas end-
of-chain sterols were overaccumulated only to a very limited
extent. We hypothesized that for this type of regulation, some
intermediate, or close-to-end product, of the sterol pathway
must always be synthesized de novo. When this “regulatory
molecule” has been converted into an end-of-chain product
and reached its putative final destination, for instance, the
plasma membrane, it no longer exerts such a feedback con-
trol. More recent studies point exactly in this direction (46).
HMGR was modulated in TBY-2 cells at a transcriptional
level in response to a selective depletion of endogenous
sterols at a different level of the biosynthetic pathway (86).
Furthermore, these studies showed that in the presence of
terbinafine (an inhibitor of squalene epoxidase), the cells ac-
cumulate squalene in cytosolic lipid droplets, which can later
be remobilized for sterol biosynthesis (46). The signal that
triggers, in parallel, the synthesis and accumulation of triglyc-
erides (apparently needed as a matrix to dissolve squalene)
remains to be identified.

Our studies with TBY-2 cells gave some indication that
sterol biosynthesis might depend on different metabolic pools.
In the studies partially described by Disch et al. (40), starting
from various isotopomers of 13C-labeled glucose, we observed
two types of labeling: that arising from the conversion of glu-
cose into acetyl-CoA, proceeding through glycolysis, and that
from the oxidative pentose phosphate cycle. From the NMR
spectra of sterols, it cannot be deduced whether the two types
of putative labeling are found in one and the same or in two dif-
ferent sterol molecules, because of superposition of both phe-
nomena. Nor could we distinguish between the two types of
sterol isotopomers, which might correspond to a compartmen-
tation of syntheses in space and time. However, incorporation
of the much more specific precursor [2-13C]MVA into the
sterols of a TBY-2 cell culture shed light on the existence of
clearly differentiated sterol pools, synthesized from carbon
sources of different origins (35) and identified by MS (Fig. 4).
A major sterol pool characterized by strong incorporation of
[2-13C]MVA, corresponding to the labeling of nearly all five
isoprene units (i.e., to the maximal expected degree) was ac-
companied by a minor pool, which had only 0 to 3 labeled iso-
prene units and represented about 5% of the total sterols, as de-
duced from the spectra. This observation implies a significant

contribution of nonlabeled MVA derived from de novo biosyn-
thesis from the main carbon and energy source of the culture
medium (sucrose in this case). In addition, both pools were dif-
ferentiated by their composition according to the relative inten-
sities of the pseudomolecular ions (M+ – AcOH). The minor
pool containing less label was, for instance, enriched in isofu-
costerol (35). Mass peaks arising from endogenous MVA
nearly disappeared in mevinolin-treated cells, and especially in
lipid extracts from cells that had been treated with mevinolin
plus fosmidomycin. In this latter case, there was no longer any
isotope dilution, and sterols became 100% labeled by [2-
13C]MVA  (Fig. 4).

CELLULAR FUNCTION OF SOME 
ISOPRENOID MOLECULES

The TBY-2 cell line was mainly used for cell cycle and cy-
toskeleton studies (87). We had particularly been interested in
the implication of MVA in plant cell cycle regulation (41,43). It
previously was shown that mevinolin efficiently inhibits the
growth of cultured TBY-2 cells (47). More precisely, we
could prove that mevinolin acts as a G1-phase cell cycle in-
hibitor when MVA is not available at the end of the mitosis
(41). We then investigated what MVA-derived molecules
could be essential for plant cell cycle progression. Molecules
of plastidial origin (e.g., the phytyl moiety of chlorophylls,
and α-tocopherol; phylloquinone, carotenoids, and the non-
aprenyl moiety of plastoquinone) are synthesized indepen-
dently of MVA (7,8) and were therefore not considered as po-
tential candidates. An approach to identify a molecule impli-
cated in a cellular function is to chemically complement a
deficiency with “candidate compounds.” In this way, it was
demonstrated that mevinolin-induced inhibition of cell divi-
sion in TBY-2 cells can be reversed by addition of the inhib-
ited enzyme’s product MVA (41,47), by cytokinins (47), by
partial alkalinization of the cytosolic pH (48), and also by DX
(35). Further, MVA alone stimulates growth of TBY-2 cells
over control values (48), which points to a limiting role of a
putative MVA pool for cell growth and division. Nonphos-
phorylated intermediates such as farnesol could hardly over-
come the inhibition and even became readily toxic (42). 

Another strategy to identify the MVA-derived compound
essential for cell cycle progression was to compare the in-
hibitory effect of mevinolin with those exerted by branch-spe-
cific inhibitors acting downstream in the pathway. Therefore,
we focused on the effects of compounds interacting with (i)
sterol biosynthesis, (ii) protein prenylation, and (iii) protein
glycosylation (43). Interestingly, none of these compounds
behaved or could exactly mimic the effect of mevinolin. The
capacity of cytokinins, apparently with zeatin being the most
efficient one, to release mevinolin-treated cells from cell
cycle arrest was explained by the implication of these hor-
mones in cell cycle regulation (88,89). However, the authors
consider that cytokinins are strictly synthesized from MVA.
But recently Kasahara et al. (37) demonstrated that in A.
thaliana, some cytokinins are synthesized starting from MVA,

ISOPRENOID BIOSYNTHESIS IN TOBACCO BY-2 CELLS 729

Lipids, Vol. 39, no. 8 (2004)

 



730 A. HEMMERLIN ET AL.

Lipids, Vol. 39, no. 8 (2004)

FIG. 4. MS analysis of phytosterols isolated from TBY-2 cells. Mass spectra of steryl acetates were recorded as described
by Hemmerlin et al. (35). Isotopomer distribution was normalized in arbitrary units for each fragment. The treatments of
TBY-2 cells were as follows: cells grown for 7 d in the presence of 2 mM [2-13C]MVA ([2-13C]MVA), cells grown for 7 d in
the presence of 2 mM [2-13C]MVA and 5 µM mevinolin ([2-13C]MVA, MV), and cells grown for 7 d in the presence of  2
mM [2-13C]MVA, 5 µM MV, and 20 µM fosmidomycin (FOS) ([E2-13C]MVA, MV-FOS). The mass spectra were compared
with those of nonlabeled compounds. Note the increasing loss of mass peaks from unlabeled sterols in the presence of
MV, especially when both MV and FOS had been added. For other abbreviations see Figure 1.
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others from MEP. Consequently, an application of mevinolin
cannot be considered as sufficiently efficient to block cy-
tokinin biosynthesis entirely. On the other hand, as we de-
scribed earlier, mevinolin might exert pleiotropic effects, as it
prevents the formation of a wide array of compounds impli-
cated in cell division. Thus, the situation is complex. Further-
more, the reversion of cell cycle inhibition by cytokinins also
seems to work in animal cell lines (90,91). Even the existence
of a novel group of proteins, modified by isopentenyladenine
(IPA), was proposed (91). To a certain extent, these proteins
seem to be implicated in the modulation of DNA synthesis by
an as yet unknown mechanism. Using monoclonal anti-IPA
antibodies, kindly provided by Professor Roy O. Morris (Uni-
versity of Missouri, Columbia, MO), in membrane fractions
isolated from TBY-2 cells, we could also detect proteins that
were cross-reacting (92). 

Several classes of phytohormones are of isoprenoid origin
(93). A prominent example of MVA-derived phytohormones are
brassinosteroids, which are synthesized via campesterol. Re-
cently, Miyazawa et al. (94) characterized the positive effect of
brassinolide on the proliferation of TBY-2 cells cultivated in the
absence of auxin. These results are in contrast with those ob-
served with LA6 cells, a cytokinin and auxin autotroph tobacco
cell line (95), and even with TBY-2 cells (92), when the normal
growth medium, containing auxin, was supplied with a synthetic
brassinosteroid (epibrassinolide BR-1, kindly provided by Dr.
Malcolm J. Thompson; USDA, ARS, Rockville, MD).

Taken together, our results suggested that protein prenyla-
tion, in details described for TBY-2 cells (96,97), in correlation
with signaling, might be as important for cell proliferation as is
the presence of membrane components such as sterols (43,98).
One of the various possibilities of how an MVA-derived iso-
prenoid compound could be implicated in cell cycle regulation
is the essential function of the prenylation of the Ras GTP-bind-
ing protein that is involved in signal transduction by activating
mitogen-activated protein kinase cascades (99,100). In plants,
however, ras proteins are absent, and only ras-related proteins
have been described (101). Other hypotheses were developed to
explain how mevinolin might interfere with the cell cycle. For a
human breast cancer cell line, it was reported that mevinolin-
induced cell cycle arrest could be independent of the inhibition
of MVA production, but that the inhibitor might interfere with
the proteasome (102). Because plant cells are able to synthesize
isoprenoid precursors such as IPP/DMAPP by two different al-
though compartmentalized pathways, the model described for
this human cell line cannot explain why in TBY-2 cells the sugar
DX can be used to rescue cells from inhibition by mevinolin. In
our eyes, DX acts as a substitute for MVA by providing another
source of isoprenoid precursors, as shown by stable isotope la-
beling of end products (35). 

POSSIBLE TOXIC EFFECTS INDUCED BY
PATHWAY DEREGULATION 

The toxic effect of accumulation or deficiency of a metabolic
intermediate must be considered in studying biosynthetic

pathways. This is especially true when a strategy for overpro-
duction of a commercially interesting compound (103) con-
sists in overexpressing a key enzyme. That a product might
somehow accumulate within the cell and might eventually in-
terfere with cell integrity cannot be excluded. For instance,
isoprenoid intermediates such as geranyl diphosphate, FPP,
geranylgeranyl diphosphate, or longer chains are increasingly
hydrophobic and might thus interfere with endomembranes,
with deleterious consequences on their architecture. Thus, in
addition to the deficiency in some end products, an excessive
accumulation of isoprenoid intermediates could induce cell
death in plant cells such as TBY-2 cells, as happens in animal
cells. Because TBY-2 cells are very sensitive to treatments,
they represent an excellent and very sensitive tool to study
the potential toxicity of isoprenoid intermediates, for instance
of farnesol. Further, their size and their frequent organization
into tetrads considerably facilitate microscopical observations
as compared with other plant cell cultures that often are orga-
nized as calli. Therefore, we have been able to compare cell
death induction in mevinolin- and farnesol-treated TBY-2
cells (41,42), whereas sterol biosynthesis inhibitors were
moderately or not at all toxic (43,46). Some toxic effect was
also observed with some protein prenylation inhibitors (43)
and with the 3-hydroxy-3-methylglutaryl coenzyme A syn-
thase-specific inhibitor F-244 (92). All toxic effects described
above were correlated with strong induction of HMGR activ-
ity as a result of treatment, which can be interpreted by the
absence of the aforementioned regulatory cytoplasmic IPP-
derived isoprenoid molecule, which cannot be formed under
such conditions.

Mevinolin, besides affecting sterol synthesis and protein
prenylation, also blocks biosynthesis of ubiquinone, a key
component of cellular respiration. The resulting mitochon-
drial dysfunction can lead to programmed cell death (104).
Hence, it is reasonable to assume that the ATP deficit that is a
consequence of this dysfunction is somehow disadvantageous
to cell cycle progression and favors cell death induction
(105). 

OUTLOOK AND CONCLUSION

The use of the TBY-2 cell suspension helped answer some
questions concerning the organization and regulation of iso-
prenoid biosynthesis in higher plants.

More recently, we established a new system, using trans-
formed TBY-2 cells that express carboxyterminal GFP fu-
sions with a peptide containing an array of basic amino acyl
residues and a terminal CaaX motif. If this fusion protein
bears, for instance, a CaaL motif, it can be geranylgerany-
lated, and as a consequence will be integrated into the plasma
membrane (Fig. 5A). If this is not possible, for instance
through exchange of the cysteinyl residue by seryl, the GFP
fusion protein will migrate into the nucleus (Fig. 5B). We are
currently applying such transiently- or stably-transformed
cells as a test system to visualize the metabolic origin of iso-
prenyl residues in the presence or absence of inhibitors and
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exogenous intermediates. The preliminary results confirm this
experimental approach. The system is also designed to allow
for the determination of flux rates needed to satisfy the meta-
bolic sink represented by increasingly expressed GFP fusion
proteins.

However, there are still some drawbacks in using the TBY-
2 cell suspension or tobacco plants in general, as compared
with A. thaliana plants, mainly due to the absence of a sys-
tematic sequencing program. Some efforts are underway to
solve this problem. Indeed, microarray analyses have been

described recently for TBY-2 cells (50), as well as analysis of
its protein expression by proteomics (106); this opens new
avenues also to metabolic studies, particularly in the field of
isoprenoid biosynthesis.
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ABSTRACT: The sterol substrate analog 25-thialanosterol and
its corresponding sulfonium salt were evaluated for their ability
to serve as antifungal agents and to inhibit sterol methyltrans-
ferase (SMT) activity in Candida albicans. Both compounds in-
hibited cell proliferation, were fungistatic, interrupted the yeast-
like-form to germ-tube-form transition, and resulted in the ac-
cumulation of zymosterol and related ∆24-sterols concurrent
with a decrease in ergosterol, as was expected for the specific
inhibition of SMT activity. Feedback on sterol synthesis was ev-
idenced by elevated levels of cellular sterols in treated vs. con-
trol cultures. However, neither farnesol nor squalene accumu-
lated in significant amounts in treated cultures, suggesting that
carbon flux is channeled from the isoprenoid pathway to the
sterol pathway with minor interruption or redirection until
blockage at the C-methylation step. Activity assays using solu-
bilized C. albicans SMT confirmed the inhibitors impair SMT
action. Kinetic analysis indicated that 25-thialanosterol inhib-
ited SMT with the properties of a time-dependent mechanism-
based inactivator Ki of 5 µM and apparent kinact of 0.013 min–1,
whereas the corresponding sulfonium salt was a reversible-type
transition state analog exhibiting a Ki of 20 nM. The results are
interpreted to imply changes in ergosterol homeostasis as influ-
enced by SMT activity can control growth and the morphologi-
cal transition in C. albicans, possibly affecting disease develop-
ment.

Paper no. L9576 in Lipids 39, 737–746 (August 2004). 

Candida albicans is a dimorphic fungus responsible for su-
perficial mucosal infections in immunocompromised patients
and topical infections in healthy individuals (1). Drugs used
to treat infections resulting from candidiasis are directed at
the production and processing of ergosterol, a 24-alkyl sterol
synthesized by the fungus (2). Current therapy is largely lim-
ited to two classes of antifungal agents, both of which are
nonsteroidal compounds: the polyene antibiotics, which tar-
get membrane sterols, and the ergosterol biosynthesis in-
hibitors, which target membrane enzymes that act on sterol

catalysis. The polyenes, such as amphotericin B, are fungici-
dal by binding to ergosterol, resulting in the formation of
channels that disrupt normal membrane proton gradients (3).
The azole antifungal agents, such as ketoconazole, are
fungistatic by inhibiting lanosterol 14α-demethylase, thereby
interrupting carbon flux from lanosterol to ergosterol (4) (Fig.
1; conversion of 1 to 2). The azoles can bind to the 14α-
demethylase of the host cholesterol pathway, but they are
mostly more selective for the fungal enzyme. The mechanism
of action of drug effectiveness has been primarily associated
with the inhibition of fungal growth. However, C. albicans
has the ability to switch from a yeast (blastospore) morphol-
ogy to a hyphal (filamentous) morphology mainly in response
to environmental conditions (5); the switch from a yeast form
to a hyphal form often correlates with pathogenicity under
physiological conditions (6). Regulatory substrates derived
from the isoprenoid pathway, i.e., farnesol and farnesoic acid,
that are capable of inhibiting the cell-to-hyphal transition
have been identified (7–9). Recent work indicates that subin-
hibitory concentrations of azole drugs, including ketocona-
zole, inhibit hyphal development and maintain the cells in the
yeast morphology (10,11). In the presence of the azole anti-
fungals, farnesol efflux into the fungal medium increases dra-
matically (10), suggesting a redirection of carbon flux from
sterol production to sesquiterpene production.   

Because the polyenes have negative side effects and resis-
tance to the azoles has been reported (12), fungal-specific en-
zymes of the ergosterol pathway have been considered in the
design and testing of new antifungals (4,13–15). The sterol
methyltransferase (SMT), a class of S-adenosyl-L-methionine
(AdoMet)-dependent methyltransferases, represents a partic-
ularly good enzyme (gene = ERG6) to test because SMT is
not found in the cholesterol pathway of the human host and
because the C-methylation step, required in the construction
of the ergosterol side chain, is essential to the “sparking”
function of ergosterol (Fig. 1; conversion of 4 to 5) (16–18). The
corresponding ERG6 gene is necessary to ergosterol biosyn-
thesis and for normal membrane function (19,20); in C. albi-
cans the ERG6 and other sterol genes (21) can be transcrip-
tionally regulated following drug treatment to prompt resistance
or susceptibility (22–24).

Copyright © 2004 by AOCS Press 737 Lipids, Vol. 39, no. 8 (2004)

*To whom correspondence should be addressed.
E-mail: wdavid.nes@ttu.edu
Abbreviations: AdoMet, S-adenosyl-L-methionine; HEI, high-energy intermedi-
ate; SMT, sterol methyltransferase; TMS, tetramethylsilane.

Disruption of Ergosterol Biosynthesis, Growth, and
the Morphological Transition in Candida albicans
by Sterol Methyltransferase Inhibitors Containing

Sulfur at C-25 in the Sterol Side Chain
Ragu Kanagasabai, Wenxu Zhou, Jialin Liu, Thi Thuy Minh Nguyen,

Phani Veeramachaneni, and W. David Nes*
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock Texas 79409



Several groups, including ours, have shown that substrate
analogs that are based on the steric-electric plug model of
SMT action (25) and contain a nitrogen or sulfur substituent
in the side chain inhibit SMT activity in vitro, decrease ergos-
terol production, and lead to the accumulation of ergosterol
intermediates lacking a 24-methyl group in the side chain (13,
26–32). Because the ammonium structure is considered to be
protonated under physiological conditions and the substrate
mimics possess stereoelectronic properties very similar to the
native ionic intermediate catalyzed by the SMT, they should
behave as inhibitors. The efficacy of these compounds is, in
part, related to the position of the SMT in the ergosterol path-
way, i.e., whether the SMT enzyme is a first step or a late step
in the post-lanosterol pathway, whether the compound is ab-
sorbed by the cells, and whether the heteroatom is located
along the lateral side chain.

To assess further the value of rationally designed inhibitors
of ergosterol biosynthesis as antifungal agents, we have
begun to study the effects of sulfonium analogs assayed with
C. albicans. Sulfur-based analogs have been studied as anti-
fungals and antiprotozoan agents, but no clear rationale for
the growth inhibition resulting from activity assay with these
compounds has been reported. Thioether-bearing sterols can
undergo C-methylation by SMT to give a charged  sulfonium
compound at the active site; therefore, these types of analogs
were considered to mimic the nitrogen-containing compounds
mechanistically (34). However, there are two possibilities for
the mechanism of inhibition of sulfur-containing phytosterols
on SMT action; they can act as either a mechanism-based in-
activator or a high-energy-intermediate (HEI) analog (26,33).
The nature of the fungal response to the different mechanisms
of inhibition can possibly affect the physiological toxicity of
the inhibitor. We report herein (i) a detailed analysis of the
normal sterol composition of C. albicans at two stages of its
life history (yeast cell and germ tube form), (ii) the synthesis
of two new ergosterol biosynthesis inhibitors, (iii) the inhibi-
tion of growth and morphology transitions of C. albicans by
25-thialanosterol and 25-thialanosterol iodide, and (iv) the ki-
netic analysis of the test compounds in vitro with an SMT
preparation. Thus, by employing a pair of sulfur analogs of
the catalytic domain of the sterol substrate that differed in the
electrostatic nature of the inhibitor function, we have uncov-
ered new information about the enzymatic and physiological
recognition of sulfur-containing ergosterol biosynthesis in-
hibitors.  

MATERIALS AND METHODS 

Organism and culture conditions. Candida albicans was ob-
tained from American Type Culture Collection (ATCC
10231). A starter culture was prepared by inoculating 200 mL
of medium with a loop of cells into a flask of YMPD medium
containing 0.3% of yeast extract (Y), 0.3% of maltose (M),
0.5% of peptone (P), and 1% of dextrose (D) (wt/vol) at pH
7.0 and 30°C for 42 h. The inoculum culture of 20 mL (5 ×
105 cells/mL) was added to 2.7-L Fernbach flasks containing
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FIG. 1. Hypothetical pathway for ergosterol biosynthesis in Candida
albicans. Alternate paths are illustrated that reveal redirection of car-
bon flux resulting from developmental regulation (path B) and block-
ade of the C-methylation step by 25-thialanosterol and its salt (path C). 



1 L each of YMPD medium and incubated with shaking (180
rpm) at 30°C for 48 h to reach a stationary phase of growth of
5 × 108 cells/mL. Growth arrested cells were harvested by
centrifugation for 10 min at 10,000 × g and then stored at
–20°C until used. Normally, 10 g fresh weight of cells was
generated from 1 L of culture. 

Separation of yeast and germ tube forms. Cells were trans-
formed to the germ tube form by switching to an induction
medium developed by Brayman and Wilks (35). Cell count-
ing and germ tube measurements were determined using a
hamocytometer set on an Olympus CH-2 microscope with
magnification at 40×. Scanning electron micrographs were
obtained on glutaraldehyde-fixed preparations at the Texas
Tech University Medical School. The inoculum for germ tube
production was established by culturing cells in a YPD
medium containing 1% yeast extract, 2% peptone, and 2%
glucose to growth arrest. About 10 mL of these cells were
transferred to 7.5 mL Falcon tubes and cultured statically in
YPD medium at 25°C for another 48 h. The Falcon tubes
were centrifuged at room temperature for 15 min at 7,500 ×
g, and the resulting pellet was added to RPMI 1640 medium
(Gibco BRL, Rockville, MD) and vortexed for 1 min to gen-
erate a stock solution of ca. 4.5 × 107 cells/mL. An aliquot of
stock cells (0.9 mL) was resuspended in a conical flask con-
taining 20 mL of prewarmed RPMI-1640 medium (or with in-
hibitor solution) to give 2 × 106 cells/mL. The cells were
shaken at 100 rpm for 5 h at 37°C to generate hyphae. The
percentage of germ tube formation, is derived from the ratio
of germ tubes formed to the total number of cells times 100.
In our control experiments, there was ca. 96% germ tube for-
mation consistent with the report by Brayman and Wilks (35). 

IC50 determination. Treated cultures containing the desired
amount of test analog were grown in 50 mL medium in the
same manner as the controls for 48 h. Inhibitors were dis-
solved in 100% ethanol (17) or 95% aqueous ethanol (22) and
added to the culture medium (see Fig. 2); equal amounts of
ethanol were added to all cultures in a given series of experi-
ments. Curves of the concentration of inhibitor giving 50%
inhibition relative to the growth of control provided the IC50.
To determine the relative potency of the inhibitor on ergos-
terol synthesis, cells treated at the IC50 value of inhibitor were
harvested and the sterol composition analyzed by GC–MS. 

Substrates and reagents. Sterols were isolated from nature
or prepared synthetically and, in the case of the isoprenoids
farnesol and squalene, purchased from Sigma (St. Louis,
MO); farnesoic acid was from Echelon Biosciences (Salt
Lake City, UT). [methyl-3H3]AdoMet was from PerkinElmer
and diluted with nonradioactive AdoMet to 20 µCi/µmol for
activity assay. Purity and identification of all the compounds
studied were established by GC–MS and 1H NMR (36–38).
Other reagents were purchased from Fisher Scientific (Fair-
lawn, NJ) or Sigma unless indicated specifically.

Instrumentation. GLC was carried out on a Hewlett-
Packard 5890 series II GC system with a 2 mm i.d. × 50 cm
glass column (at 245°C) packed with Chromosorb W-HP
coated with 3% SE-30 (Alltech Associates, Deefield, IL) and

FID (300°C). Helium was used as the carrier gas. Spectra
from GC–MS were recorded with a Hewlett-Packard 6890
GC interfaced to a 5973 mass selective detector at 70 eV. GC
was achieved on a DB-5 capillary column (Agilent Technolo-
gies Inc., Palo Alto, CA) 0.25 mm i.d. × 30 m with film thick-
ness of 0.25 µm. The chromatography was performed at a
constant flow rate at 1.2 mL/min. The injection model was
pulsed splitless at a pressure of 25.0 psi. For sterol analysis
the oven temperature was programmed: initial temperature
170°C (1 min hold), then ramped from 170 to 280°C (20°C/
min) and maintained at 280°C for the next 15 min. The oper-
ating conditions for the DB-5 were: initial temperature at
100°C for 3 min, then 20°/min to 280°C and hold for 13 min. 

The temperatures for the GC to MS interface, MS ion
source, and quadrapole were 280, 250, and 230°C, respec-
tively. Helium at 8 psi was used as the carrier gas. In this sys-
tem cholesterol elutes in 13 min, whereas farnesol, farnesoic
acid, and squalene elute at 9.2, 10.2, and 15 min, respectively.
TLC, to separate sterols based on the number of methyl group
5 substituted at C-4, was performed on Silica gel G plates and
developed in benzene/ ether as described (39). Relevant ref-
erence specimens were available as part of the Nes steroid
collection (36–39). HPLC chromatography was performed on
an ISCO (Lincoln, Nebraska) HPLC system with a Selectosil
C18 semipreparative column (Phenomenex, Palo Alto, CA)
eluted with methanol at 4 mL/min at ambient temperature.
Radioactivity measurements were obtained on a Beckman LS
6500 liquid scintillation counter with 5 mL of ScintiVerse BD
cocktail (Fisher) and were automatically quench corrected.
1H NMR spectroscopy was performed at 500 MHz at ambi-
ent temperature on a Varian Unity Inova 500, in CDCl3, with
tetramethylsilane (TMS) as internal standard.

Synthesis of inhibitors. The sulfonium compounds (25-
thialanosterol, 17, and 25-thionalanosterol-3-ol iodide 22)
were prepared by straightforward synthetic methods involv-
ing ozonolysis of the lanosterol side chain 1 and its recon-
struction, introducing the sulfur atom at position 25 followed
by methylation of the resulting sulfide, as shown in Figure 2.
From 100 mg of starting material 1, as the C3-acetate, was re-
covered 55 mg of 17, as the free alcohol. The product was pu-
rified by HPLC eluted with 100% methanol. The characteri-
zation of 17 is as follows: GLC RRTC (relative retention time
of sterol compared with the retention time of cholesterol in
GLC), 2.60; mass spectrum (m/z) (M+ and other diagnostic
ions in high mass region): 432, 417, 415; 1H NMR (in ppm
relative to TMS in CDCl3): δ 0.811 (3H, s, H-19); 0.960 (3H,
s, H-18); 3,13 (1H, m, H-3), 0.982 (3H, s, H-30), 0.874 (3H,
s, H-32), 1.003 (3H, s, H-31), 2.102 (3H, s, H-26), 3.25 (2H,
m, H-24). 13C NMR (75 MHz, in CDCl3): δ (terminal side
chain signals) 34.82 (C-23); 25.49 (C-24); 24.25 (C-26). 

Conversion of the sulfide 17 (5 mg) to the crystalline salt
22 generated crystals (ca. 40% yield) that were collected by
filtration: 1H NMR (in ppm relative to TMS at 500 MHz, in
MeOH-d4):  δ 3.13 (m, 1H, H-3), 0.762 (3H, s, H-18), 0.802
(3H, s, H-19), 0.918 (3H, s, H-30), 0.981 (3H, s, H-32), 1.013
(3H, s, H-31), 2.908 (3H, s, H-26), 2.912 (3H, s, H-27), 3.25
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(2H, m, H-24). 13C NMR: 135.583 (C-8); 136.104 (C-9);
79.638 (C-3): 22.0582 (C-26), 22.102 (C-27); 36.031 (C-24).
m.p.: 128–129°C. 

Sterol and isoprenoid analysis. Cells (10 g fr. wt) of nor-
mal and treated C. albicans cells were saponified with 10%
methanolic KOH (300 mL) at reflux for 30 min. The reaction
mixture was cooled to room temperature and diluted with 300
mL of water. Total sterols were extracted from the reaction
mixture with n-hexane (3 × 600 mL). The hexane layers were
pooled, and the solvent was removed under reduced pressure.
The resulting nonsaponifiable lipid fraction was dissolved in
10 mL of acetone and an aliquot subjected to GC–MS analy-
sis or, alternatively, purified further by TLC and HPLC to
generate a set of 13 mg sterols. Total sterols were quantified
with cholesterol as the external standard. Isoprenoids were
extracted from the cells or spent medium with ethyl acetate.
Sterols and isoprenoids were identified by comparing their
chromatographic and spectral data with those of authentic
standards.

Assays and inhibitor studies. The procedures for enzyme
preparation and activity assay were adapted from that of
Venkatramesh et al. (36)  for Saccharomyces cerevisiae SMT.
Briefly, frozen C. albicans cells (50 g) were thawed, sus-
pended in 4 vol homogenate buffer A (50 mM TrisHCl, 2 mM
β-mercaptoethanol, 2 mM MgCl2, and 10% sucrose, pH 7.5).
The cells were subsequently broken by five passes through a
French press (SIM Aminco) at a pressure of 20,000 psi. Cell
debris was removed by centrifugation (Beckman) at 10,000 ×

g for 30 min, and the supernatant was centrifuged at 100,000
× g for 1.30 h. The resulting microsomal pellets were sus-
pended in ice-chilled buffer B (50 mM TrisHCl, 2 mM β-mer-
captoethanol, 2 mM MgCl2, and 20% glycerol pH 7.5; 3
mL/microsome) using a Wheaton glass homogenizer. Solubi-
lization of SMT was achieved by adding detergent
(emulphogen: polyoxyethylene 10 tridecylether) to the mi-
crosomal suspension to the final concentration of 0.4% and
incubated on ice for 30 min with gentle stirring. Solubilized
protein from the supernatant after the mixture was centrifuged
at 100,000 × g for 1 h generated a concentration of 1 to 2
mg/mL. Total protein was determined by the Bradford dye-
binding procedure (40) using the Bio-Rad laboratories (Rich-
mond, CA) protein assay kit with BSA as the standard.

All assays were conducted under steady-state conditions
in the relevant buffer system at pH 7.5 in the presence of sat-
urating substrates. A general assay for the SMT preparation
was performed in 600 µL of total volume, 1 to 2 mg total pro-
tein in buffer B (pH 7.5), 100 µM sterol, 100 µM [methyl-3H3]
AdoMet (20 µCi/mmol) and Tween 80 (0.1% wt/vol). Sam-
ples were incubated at 30°C for 45 min at pH 7.5 with con-
stant agitation. The reactions were terminated by adding 1 mL
of 10% methanolic KOH, and total sterols were extracted
three times with 2.5 mL each of n-hexane. The resulting or-
ganic layer was transferred to 10-mL scintillation vials and
dried under a stream of nitrogen. The residue so prepared was
counted by liquid scintillation spectrometry (in 5 mL of Scin-
tiverse cocktail [Fisher]; 3H efficiency 58%) on a Beckman
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FIG. 2. Outline for the synthesis of sulfur-based drugs. Pyr, pyridine; TsCl, tosyl chloride; r.t., room temperature.



LS 6500 liquid scintillation counter. Buffer controls with la-
beled AdoMet were included with each set of assays, and
nonenzymatic activity was negligible. For determination of
kinetic constants (Km, Vmax, or Ki) for zymosterol and the two
analogs, the zymosterol concentration was varied from 2.5 to
100 µM, and the inhibitor concentrations ranged from 1 to 10
µM for 17 and from 10 to 100 nM for 22. Each set of experi-
ments used the same fixed concentration of substrates, as rel-
evant, and the same incubation conditions as described for the
standard assay. All assays were conducted in triplicate, with
appropriate boiled controls. 

In studies to be reported elsewhere, we have partially puri-
fied the native SMT from C. albicans (Kanagasabai, R., and
Nes, W.D., unpublished data) using protocols established for
the purification of the wild-type SMT from  S. cerevisiae (41).
Product distribution and identity were verified by GC–MS
and radio-HPLC; zymosterol 4 was converted to fecosterol 5
(36). The apparent kinetic constants for sterol and AdoMet
were found to be ca. 30 µM each, and the substrate specificity
of the C. albicans enzyme was very similar to the S. cere-
visiae SMT, as would be expected based on similar primary
sequences of their corresponding cDNA (21). 

Data analysis. The initial velocity data were analyzed
using a Sigmaplot 2001 Plus Sigma enzyme kinetics software
package (SPSS Inc., Chicago, IL). Kinetic constants, deter-
mined by Lineweaver–Burk plotting, had SE of ±5% and R2

values of 0.95 to 0.98. Steady-state inhibition patterns were
determined with the software package in analogous fashion
to the initial velocity data analysis as described elsewhere
(42). 

Mechanism-based inactivation experiments. Two experi-
ments were performed. (i) Substrate protection; co-incuba-
tion of 50 µM of 17 and 100 mM of AdoMet with 100 or 300
µM zymosterol in the standard assay afforded protection
against inactivation, conserving 46 and 73% of C-methylation
activity after the incubation period, respectively. (ii) Time-
dependent inactivation of SMT; a typical preincubation con-
tained 1 mg/mL solubilized microsomal protein in buffer B.
The inactivation reaction was initiated by the addition of
AdoMet to give a final concentration of 100 µM, and the re-
action was allowed to proceed at 30°C for up to 25 min. At
the indicated times, 0 (control), 5, 25, and 50 µM of 25-
thialanosterol-treated enzyme was put into a precooled (dry
ice in ethanol) test tube to prevent catalysis. The samples
were thawed on ice, diluted 20-fold in ice-cold buffer, and the
amount of SMT activity remaining was determined as de-
scribed above.

RESULTS 

Yeast growth and sterol production. As a foundation for the
antifungal susceptibility testing with sulfur-based drugs fed
to C. albicans, a set of initial experiments was performed to
examine the growth response, morphology, yeast-cell to germ-
tube (adolescent forms that can mature into hyphae) transi-
tion, and sterol composition of the control. From an inoculum

size of ca. 5 × 106 cells/mL, a stationary phase cell popula-
tion of 5 × 108 cells/mL was observed at about 48 h of growth
on YMPD medium (Fig. 3). By changing the culture medium
to YPD and using inoculum from the growth-arrested cells,
the hyphal form was induced (Fig. 3). In comparison with the
morphology of C. albicans reported by others (8,22,43), our
culture conditions generated cell forms and germ tube forms
that appeared normal. 

Although the sterol composition of C. albicans has been
studied before (44–46), a more detailed analysis of the
amounts and identities of minor sterols has not been carried
out. The wild-type cells contained a sterol composition typi-
cal of ascomycetous fungi (47), with many of the same sterols
reported by other investigators for C. albicans. The major
sterol of the yeast cells and germ tubes (data not shown) was
ergosterol, ca. 70 and 97% of the total sterols, respectively
(Table 1). Cultures at growth arrest contained a set of 24-
methyl(ene) sterols (10–13) at trace levels, and these sterols
were in the germ tube form at trace levels as well (data not
shown). Compounds 10–13 were not apparent in actively
growing cells (within the limits of  GC detection); they were
found to accumulate at growth arrest (data not shown). The
trace compounds can be arranged as a minor pathway (Fig. 1;
path C). However, these compounds do not appear to con-
tribute significantly to ergosterol production, and lanosterol
will not bind productively to the SMT under the standard
assay conditions (Nes, W.D., Kanagasabai, R., and Nguyen,
T.T.M., unpublished data). We speculate that the onset of path
C is developmentally delayed and the pathway interrupted at
the stage of 13 formation. In addition, the C-methylated
sterols produced hypothetically in path C can result from an
increase in SMT at growth arrest or modulation of SMT ac-
tivity by as yet unknown effectors that promote 4,4-dimethyl
sterols to serve as substrates of the SMT. 

Inhibition of growth and sterol analysis of C. albicans. In
the second set of experiments, the cell response to sulfur-
based drugs was tested. A dose-dependent inhibition of
growth was observed between 5 and 50 µM of 17 (Fig. 4) and
0.1 and 2.0 µM of 22 (data not shown) with 100% growth
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FIG. 3. Typical growth curve of wild-type Candida albicans cells. Insets
are micrographs of yeast cells and germ tubes recorded on an Nikon-
Labophot Fluorescent Microscope set at a magnification of 40×. 



arrest at 100 µM of 17 and at 4 µM of 22. The salt form of the
drug 22 was more potent than the neutral form 17 at inhibit-
ing growth and the cell to germ-tube transition, with IC50 val-
ues of 25 and 0.75 µM, respectively, for growth and 10 and
0.35 µM for the cell to germ-tube transition, respectively. Ex-
amination of the cell morphology of control and treated cells
by scanning electron microscopy revealed that the control
cells appeared elliptical with normal budding, whereas the
cells treated with 17 and 22 possessed aberrant morphology.
Treated cells appeared elongated with immature hyphae and
some vacuolated cells with no distinct budding (Fig. 5).  

To determine the basis for growth inhibition and explore
which steps in the sterol biosynthesis pathway were blocked,
we used sub-inhibitory concentrations of the drugs. At the
IC50 of the drug, a decline in ergosterol production (Table 1)
with a corresponding increase in total sterols was observed

for both treatments  (Table 2). Sterols lacking the 24-methyl
group accumulated in treated cells (but not in the medium),
including zymosterol after treatment with 17 and cholesta-
5,7,24-trienol after treatment with 22 (Fig. 1; path C). In nei-
ther treatment did lanosterol or other 4-methyl sterols accu-
mulate significantly.

The isoprenoid composition of the medium of cultures
used to generate germ tubes contained insignificant amounts
of autoregulatory substances, e.g., farnesol and farnesoic
acid, which prevent the morphogenetic transition. In contrast
to the accumulation of sterols after treatment of cells with the
sulfur-based drugs, the isoprenoid compostion was not sig-
nificantly affected by incubation with the drugs: (i) The con-
trol contained farnesol, 0.59 mg/g dry wt (0.5 mg/L of
medium), farnesoic acid, 0.13 mg/g dry wt, and squalene,
<0.001 mg/g dry wt; (ii) cells treated with 17 contained far-
nesol, 0.88 mg/g dry wt (0.3 mg/L of medium), farnesoic
acid, 0.06 mg/g dry wt, squalene, <0.002 mg/g dry wt; (iii)
the isoprenoid composition of the 22-treated cells was similar
to the 17-treated cells (data not shown). These results showed
that the two sulfur-based compounds inhibit the ergosterol path-
way in C. albicans at the C-methylation step, resulting in im-
paired ergosterol synthesis, cell proliferation, and the cell-to-
hyphae transition.

Enzyme inhibition studies. To examine the mode of action
of the pair of sulfur-based compounds 17 and 22, we studied
in vitro inhibition kinetics using a cell-free preparation con-
taining solubilized SMT. Plots of methyl product formation
vs. sulfonium analog concentration in the 0.25 to 100 µM
range afforded typical hyperbolic curves, and the double-
reciprocal (Lineweaver–Burk) plots of each analog were lin-
ear from which the Ki values and patterns of inhibitions were
determined. Analog 22, in which the sulfur group at C-25
was ionized, generated a noncompetitive inhibition pattern
and an apparent Ki value of 20 nM (B; Fig. 6), suggesting that
the analog and sterol bind to different subsites in the active
center. Alternatively, analog 17, in which the carbon group at
C-25 was substituted for sulfur, generated a competitive inhi-
bition pattern and an apparent Ki value of 5 µM (A; Fig. 6),
suggesting the inhibitor and sterol bind to the same subsite in
the active center. Because competitive-type inhibition is con-
sistent with a sulfur-based analog acting as a mechanism-
based inactivator (26), additional work was performed with
25-thialanosterol. 

Time-dependent inactivation of SMT by 25-thialanosterol.
As anticipated for an active-site-directed process, incubation
of increasing concentrations of 17 with solubilized SMT
resulted in pseudo-first-order time-dependent inactivation of
the SMT (Fig. 7). The rate of inactivation by zymosterol was
saturable, with a maximum rate of inactivation of kinact of
0.013 ± 0.005 min–1, and a Ki of 5.5 ± 0.2 µM. These values
compare very favorably with the steady-state kinetic parame-
ters for the normal substrate zymosterol of kcat = 0.036  min–1

and Km = 25 µM  (Kanagasabai, R., and Nes, W.D., unpub-
lished data). Dialysis of the inactivated enzyme failed to re-
store SMT activity. However, similar treatment of the enzyme
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TABLE 1 
Sterol Composition of Control and Treated Candida albicansa

Sterol composition
of cells

(as % total sterol)

Sterol (structure) Control 17 22

Lanosterol (1) 1 6 1
4,4-Dimethylcholesta-8,24-dienol (2) 2 ND ND
4-Methylcholesta-8,24-dienol (3) 1 ND 2
Zymosterol (4) 1 43 35
Fecosterol (5) 2 4 2
Cholesta-7,24(28)-dienol (6) 16 3 ND
Ergosta-7-enol (7) 2 ND 1
Ergosta-5,7-dienol (8) 3 3 ND
Ergosterol (9) 69 25 Tr
Eburicol (10) Tr Tr ND
4,4-Dimethylergosta-8,24(28)-dienol (11) Tr ND ND

4-Methylergost-8,24(28)-dienol (12) 1 1 ND
Ergost-8-enol (13) 1 2 ND

Cholesta-7,24-dienol (14) 1 9 14
Cholest-5,7,24-trienol (15) ND 2 42
Cholesta-5,7,22,24-trienol (16) ND 2 3
aSterol composition of wild-type cells (yeast form) at stationary phase growth
and treated cells at IC50. ND, not detected; Tr, trace (<0.05%).

FIG. 4. Determination of the IC50 value for 25-thialanosterol. 



with 22 resulted in a restoration of 80% of the SMT activity.
These results and the observation reported in the Materials and
Methods section that the SMT could be partially protected
against inactivation by co-incubation with zymosterol is consis-
tent with 17 acting as a mechanism-based inactivator of SMT
activity. Efforts to trap the HEI formed by 25-thialanosterol
catalysis were not successful, and low abundance of SMT in the
enzyme preparation prevented further analysis of the putative
SMT-[3H3]CH3 complex resulting from assay with 25-
thialanosterol.

DISCUSSION 

The inhibition of ergosterol biosynthesis is a proven thera-
peutic target. Thus, we have considered the design and test-
ing of novel antifungal drugs tailored for the unique aspects
of fungal metabolism related to the SMT enzyme synthesized
by opportunistic pathogens. As we discovered in this study,
C. albicans can recognize sulfur-based drugs with varied ef-
fects on 24-methyl sterol biosynthesis/24-desalkyl sterol ac-
cumulation required before inhibition of cell proliferation or
the cell to germ-tube (hyphae) transition. The target site in the
ergosterol pathway blocked by the sulfur-based analogs was
associated with the C-methylation step catalyzed by SMT.
The mechanism of C-methylation in yeast (48) has been
shown to involve an HEI; therefore, molecules that resemble
the intermediate in the sequence can be inhibitors of the reac-

tion, as shown in Figure 8. Conceivably, both inhibitors 17
and 22 can be charged in the active site and inhibit SMT ac-
tion through a similar mechanism; therefore, we would ex-
pect a similar set of inhibition kinetic patterns. However, a
dramatic difference in the kinetic patterns of the two com-
pounds was observed, and only 17 exhibited a time-depen-
dent inhibition against the SMT. The high specificity of the
inhibition was related to the positive charge on the analog,
which provided structural similarity to the predicted ionic in-
termediate and permitted the sterol side chain of 22 to bind
the active center. 

The fungus at two developmental stages was susceptible
to the action of the sulfur-based drugs with 22, compared with
17, the more potent drug. The potencies of 17 and 22 are rel-
atively similar to those of ketaconazole and amphotericin B
tested for antifungal activity elsewhere (27). The fungus re-
sponded to the SMT inhibitors differently. For example, in
the case of treatment with 22, no ergosterol was detected in
the cells, but there was an increase in total sterols. In the case
of treatment with 17, minor amounts of ergosterol that were
present in a background of increased total sterol did not pro-
tect the fungus from the fungicidal behavior of the drug.
Thus, a threshold level of ergosterol may be necessary to trig-
ger the morphological transition in C. albicans. Interestingly,
the up-regulation of sterol synthesis following treatment with
17 and 22 has been inferred by others studying gene expres-
sion patterns in the sterol pathway following treatment with
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FIG. 5. Scanning electron micrographs (obtained on a Scanning Electron Microscopic , Power Tome XL-RMC Product Boeckeler) taken at 2500× of
48-h cultures of Candida albicans. (A) Control cells; (B) cells treated with the IC50 concentration of 25-thialanosterol; (C) cells treated with the IC50
concentration of 25-thialanosterol iodide. 

TABLE 2 
Antifungal Activity, Sterol Analysis, and Inhibition of Sterol Methyl Transferase by Sulfur-Based Substrate Analogsa

24-Methylsterol 
Cell count Hyphal growth Sterol cotent to 24-desmethyl

Treatment IC50 IC50 (fg/cell) sterol ratio Ki Pattern kinact

Control ND ND 32 4:1.5 ND ND ND
25-Thialanosterol  17 25 µM. 13 µM 100 1:1.5 5 µM C 0.013 min–1

25-Thialanosterol iodide  22 0.75 µM 0.35 µM 118 1:97. 0.02 µM NC ND
aND, not determined; kinetic patterns are competitive (C) or noncompetitive (NC). For experimental details of growth and activity assays refer to the Materi-
als and Methods section of the text.



ergosterol biosynthesis inhibitors (23,24). The increase in car-
bon flux from the isoprenoid pathway to the ergosterol path-
way was not accompanied by an efflux of signal molecules
(farnesol or farnesoic acid), which might induce the morpho-
logical transition in C. albicans (10). Although a more pre-
cise formulation of sulfur-based analog inhibition of growth
and sterol biosynthesis must await a means of assessing iso-
prenoid and ergosterol functions other than drugs targeted to
pathway enzymes, the present studies, in conjunction with
previous work (49), do give a preliminary indication of im-
paired ergosterol homeostasis disrupting growth and germ-
tube formation, thereby affecting hyphal development. 

The catalytic response of the C. albicans SMT to 25-
thialanosterol is readily explained by the relative similarity of
17 to 5 and by the nature of the charge on the sulfur atom at
binding. Thus, depending on whether the sulfur atom in the
sterol side chain is in the neutral or charged state, the SMT

can be rendered inactive through an irreversible or reversible
mode of inhibitor binding, respectively. The irreversible bind-
ing mechanism is readily explained by a directional process
in which C-methylation of 25-thialanosterol by SMT gener-
ates the intermediate 18 (Fig. 8), which is charged and acti-
vated to serve as the methyl donor. The latter compound can,
when the enzyme assumes an appropriate conformation, react
irreversibly with an active site base or a nearby nucleophilic
amino acid side chain to inactivate catalysis covalently through
enzyme methylation. Alternatively, when 25-thialanosterol is
prepared as a salt and therefore “charged” as a consequence of
methylation (22), the compound can bind to SMT in a manner
that allows it to act as an HEI analog and block catalysis re-
versibly. The different molecular parameters of the inhibition
ultimately generate the same end response to impair SMT ac-
tion under physiological conditions. In addition to the mecha-
nistic implications of this work for the development of anti-
fungal agents that are fungal-specific, the SMT-catalyzed
transformations of sulfur-based analogs are also relevant to
providing a route to active site labeling complementary to the
previously described use of 26,27-dehydrozymosterol to
affinity-label the yeast SMT active site (50).  
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ABSTRACT: A mutation in an otherwise nonessential ERG2
gene is synthetically lethal when combined with mutations in
two transcription factors encoded by the UPC2 and ECM22
genes. Employing UV mutagenesis, we isolated a suppressor of
the triple mutant erg2∆ upc2∆ ecm22∆. The morpholine-resis-
tant phenotype of the suppressor was used to identify the sup-
pressor as a mutation in the ELO3 gene. In an expression study
on tridemorph-containing medium, using the inducible GAL1
promoter fused to the ELO3 open reading frame, we demon-
strated that suppression occurred only when ELO3 was not ex-
pressed. ELO3 encodes an enzyme involved in sphingolipid
synthesis required for long-chain FA synthesis. Surprisingly, a
deletion of ELO2, also required for the synthesis of sphingolipid-
containing long-chain FA, did not suppress the erg2∆ upc2∆
ecm22∆ triple mutant. The sterol composition of the upc2∆
ecm22∆ double mutant reflected regulation of the latter part of
the ergosterol synthesis by the Upc2p and Ecm22p transcrip-
tion factors. This study demonstrates a synergistic relationship
between two lipid species, sterols and sphingolipids. 

Paper no. L9507 in Lipids 39, 747–752 (August 2004).

The ERG2 gene encodes a C-8 sterol isomerase enzyme func-
tioning in the latter part of the ergosterol pathway. This gene
is nonessential in most genetic backgrounds (1–4). FL100 is
the only genetic background yet documented in which an
ERG2 deletion resulted in a lethal phenotype. Two suppres-
sor mutations, elo2/fen1 and elo3/sur4, were isolated that re-
stored viability (5). Both Elo2p and Elo3p enzymes are in-
volved in sphingolipid synthesis and are components of a FA
elongation system that elongates a C16/C18 to a C24/C26 (6).
Recently, Vik and Rine (7) showed that erg2 is synthetically
lethal when combined with a upc2ecm22 double mutant.
Upc2p and Ecm22p are two paralogous transcription factors
involved in the regulation of sterol and cell wall metabolism.
UPC2 was originally identified as a semidominant allele,
upc2-1, which allowed the uptake of sterol from the media
under aerobic conditions (8). Besides regulating the import of
exogenous sterols, Upc2p and Ecm22p also regulate the syn-
thesis of endogenous ergosterol. Using lacZ fusion constructs

of ERG2 and ERG3 genes, Vik and Rine (7) demonstrated
transcriptional regulation of both genes by Upc2p and
Ecm22p. In addition, they identified a sterol regulatory ele-
ment (SRE)-binding site for Upc2p and Ecm22p in the pro-
moter regions of both the ERG2 and ERG3 genes. An 11-bp
SRE (5′-CTCGTATAAGC-3′) was noted as being present in
promoters of several genes involved in ergosterol synthesis
(e.g., ERG1, ERG6). In this study, the essentiality of the
ERG2 gene was simulated by introducing the double muta-
tion upc2∆ ecm22∆ into the viable erg2∆ strain. The suppres-
sor of the nonviable triple mutant upc2∆ ecm22∆ erg2∆ was
identified, and the sterol composition of the suppressed strain
was analyzed. 

MATERIALS AND METHODS

Strains, plasmids, media, and growth conditions. All mutants
were constructed from the SCY325 strain (MATα, ade2-1,
his3-11,15, leu2-3,112, trp1-1, ura-3-1) with the exception of
elo2∆ (MATα, elo2∆::HIS3, ade2-1, his3-11,15, leu2-2,112,
ura-3-1, can1-100), elo3∆ (MATα, elo3∆::HIS3, ade2-1,
his3-11,15, leu2-2,112, ura-3-1, can1-100), and DTY10A
(MATα, ade2-1, his3-11,15, leu2-2,112, ura-3-1, can1-100)
strains. elo2∆, elo3∆, and the wild-type DTY10A were kindly
provided by Dr. Charles Martin, as was the YCpGALELO3
plasmid (6). The pU6∆SacI is a genomic complementing
plasmid containing the wild-type UPC2 allele in the YCp50
vector. Cells were grown on a rotary shaker at 30°C in rich
media (YPAD: 1% yeast extract, 2% peptone, 2% glucose, 60
mg/mL adenine) or complete synthetic media [CSM: 0.67%
yeast nitrogen base, 2% glucose, 0.5% ammonium sulfate, 0.8
g/L CSM (BIO101)], or in complete synthetic media lacking
uracil [CSM-URA: 0.67% yeast nitrogen base, 2% glucose,
0.5% ammonium sulfate, 0.8 g/L CSM-URA (BIO101)]. For
the expression of GAL1-ELO3, glucose in synthetic media
was replaced with galactose at a final concentration of 2%.
Cells were pregrown in synthetic media with rafinose (2%)
instead of glucose before plating them onto galactose-con-
taining medium. Tridemorph (Sigma, St. Louis, MO) was
prepared in a 95% ethanol solution and added to the media
after autoclaving. The 5-fluoroorotic acid (5-FOA) medium
was prepared as a CSM-URA medium with the addition of 50
mg/L of uracil (Sigma) and 1 g/L of 5-FOA (Zymo Research,
Orange, CA).
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Lipid analysis. Cells grown in 50 mL of YPAD media to
early stationary phase were resuspended in a solution of 3 mL
of 50% ethanol and 25% KOH. After 1 h of incubation at 88°C,
lipids were extracted into 3 mL of n-heptane and analyzed by
GC.

Genetic methods and transformation procedures. Mating,
sporulation, and tetrad analysis techniques were performed as
in Burke et al. (9). UPC2, ECM22, ERG2, and ELO2 genes
were disrupted by one-step PCR deletion disruption (10)
using the primers listed in Table 1. The disruptions were con-
firmed by PCR using the checking primers listed in Table 1.

RESULTS

The double mutation upc2ecm22 inhibits ergosterol synthesis.
As previously shown, erg2 mutants accumulate primarily er-
gosta-5,8,22-trien-3β-ol, zymosterol, fecosterol, and ergosta-
8-en-3β-ol (1–4). In most backgrounds, these intermediates
are sufficient to support the requirements of the cell for
sterols. However, introduction of two additional mutations in

the UPC2 and ECM22 genes resulted in synthetic lethality of
the erg2∆ upc2∆ ecm22∆ triple mutant (7). Vik and Rine (7)
showed that Upc2p and Ecm22p are transcriptional regula-
tors of the ERG2 and ERG3 genes in the ergosterol pathway
and suggested that several other ergosterol genes may be sub-
ject to Upc2p/Ecm22p regulation. Therefore, the sterol com-
position of upc2∆ and ecm22∆ single mutants and the upc2∆
ecm22∆ double mutant (Fig. 1) were analyzed. The sterol pro-
files of the upc2∆ and ecm22∆ single mutants were similar to
the sterol profile of the wild-type strain. However, changes in
the sterol composition were observed in the upc2∆ ecm22∆
double mutant. A decrease in the final product ergosterol re-
sulted in significant increases of the sterol intermediates epis-
terol and ergosta-5,7-dien-3β-ol. These sterol precursors are
substrates of the Erg3p and Erg5p enzymes, respectively, sug-
gesting their regulation by Upc2p and Ecm22p.

The sterol profile of the suppressed triple mutant upc2ecm
22erg2 is unique. To better understand the synthetic lethality
of erg2∆ upc2∆ ecm22∆, suppressors of the triple mutant
were isolated. Since erg2∆ upc2∆ ecm22∆ is not viable, the
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TABLE 1 
List of Primers Used in This Study

Primer name Primer sequencea Purposeb

frwUPC2 CGGTAAACGTAAATTCCATAACAAATCAAAGAATGGGTGCGAT Disruption of UPC2
AACTGT AAAAGAAGAAGTGGCGGGTGTCGGGGCTGGC

revUPC2 CTATCAGGTTCAGATTGCCTTTGGTAGAAAGATCTAAAAGCTTA
GCGATGTTACTGGTACTTGCCGATTTCGGCCTATTG

frwUPC2ck GTTCAGCAGTATGAGCGAAG Checking of the upc2∆∆

revUPC2ck CTAACTCCGGTATGTAGTCC

frwECM22 CCGATGATGGGAATGCTGGACAAGAAAGAGAGAAGGATGCTG Disruption of ECM22
AACTGATTGAGGTTGGGGCGTACGCTGCAGGTCGAC

revECM22 CGCGATGCAGTTTGTCCAAATATGCTAAAGTTATCAAGTACGGT
GAATCAATTTCTACGGATCGATGAATTCGAGCTCG

frwECM22ck GGCACAAATAACATTTCGCC Checking of the ecm22∆∆

revECM22ck CATCGATGAGGTTCACATTC

frwERG2 CCACTCCTTTTGTTGATTGGTGTTGTAGGCTACATTATGAACGTA Disruption of ERG2
TTGTTCACTACCTGGTGGCGGGTGTCGGGGCTGGC

revERG2 CAAGTTCTTACCCATGTCCCTGGCAGTCAGGTAGACAGTTCTATAT
AGAGTGTATAAATCTTGCCGATTTCGGCCTATTG

frwERG2ck GCGGTAACGTTTGACACTGG Checking of the erg2∆∆

revERG2ck GCCGAATATATCCGTCGTCG

frwELO2 ATGAATTCACTCGTTACTCAATATGCTGCTCCGTTGTTCGAGCG Disruption of ELO2
TTATCCCCAACTTCATTGGCGGGTGTCGGGGCTGGC

revELO2 TAGGAACGTTTTTCAAGTCAACGTTAACATACTCATTAACCTTT
GCGGCAACACCGCCGTTTGCCGATTTCGGCCTATTG

frwELO2ck CGTATTCACATGTCCTGGCG Checking of the elo2∆∆

revELO2ck CAGTACGATCTCCATCCTCG
aBold letters correspond to conserved regions bordering the TRP1, KANMX, HIS3, and LEU2 genes in the pRS304, pFA6, pRS303, and pRS315 vectors, respectively.
bThe genes to replace UPC2, ECM22, ERG2, and ELO3 were TRP1, KANMX, HIS3, and LEU2, respectively. 



triple mutant was prepared containing a plasmid (pU6∆SacI)
with the wild-type UPC2 and URA3 alleles. erg2∆ upc2∆
ecm22∆ (UPC2) was UV-mutagenized and plated on 5-FOA
media (toxic to cells that retain the URA3 plasmid harboring
the UPC2 allele) to isolate mutants that had lost this plasmid.
Forty-six surviving colonies were isolated, and one (#21) was
studied further. The suppressed strain, erg2∆ upc2∆ ecm22∆
sup21, was crossed to the wild-type strain to isolate the sup-
pressor mutation in an otherwise wild-type background. Sev-
eral of the spore colonies that were wild type for UPC2,
ECM22, and ERG2 were resistant to tridemorph, an inhibitor
of sterol C-14 reductase and sterol C-8 isomerase encoded by
ERG24 and ERG2, respectively (11). One of these tride-
morph-resistant colonies, sup21, was backcrossed to the
parental erg2∆ upc2∆ ecm22∆ (UPC2) strain. Viability of the

erg2∆ upc2∆ ecm22∆ sup21 quadruple mutant indicated that
sup21 is a single gene suppressor of the triple mutant. Since
both components of the triple mutant (upc2∆ ecm22∆ and
erg2∆) affected the sterol profile (Figs. 1B, 2A), the sterol
composition of the quadruple mutant upc2∆ ecm22∆ erg2∆
sup21 (Fig. 2B) was analyzed. In addition to increased levels
of the sterol precursor squalene, the major sterols in the
quadruple mutant were zymosterol, fecosterol, and ergosta-8-
en-3β-ol. Loss of ergosta-5,8,22-trien-3β-ol, which is one of
the predominant peaks in the erg2∆ sterol profile, is in agree-
ment with our previous observation that the introduction of
∆5 and ∆22 double bonds catalyzed by Erg3p and Erg5p, re-
spectively, involves regulation by Upc2 and Ecm22.

Identification of the upc2ecm22erg2 suppressor. Previ-
ously, Silve et al. (5) showed that in the FL100 genetic back-
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A B

C D

FIG. 1. Sterol profiles of the wild SCY325 cells (A), the upc2∆ ecm22∆ double mutant (B), the
upc2∆ single mutant (C), and the ecm22∆ single mutant (D). Lowercase letters represent ergos-
terol or ergosterol precursors: (a) squalene, (b) zymosterol, (c) ergosterol, (d) fecosterol, (e)
episterol, and (f) ergosta-5,7-dien-3β-ol.



ground, an erg2 mutant is nonviable. Mutants in sphingolipid
synthesis elo2/fen1 and elo3/sur4 were shown to suppress
their erg2 strain. Since both mutants (elo2 and elo3) were re-
sistant to morpholines, as was the sup21 suppressor, the pos-
sibility existed that sup21 was elo2 or elo3 (Fig. 3). The
sup21 strain was crossed to both elo2∆ and elo3∆ mutants.
Tridemorph sensitivity of the diploid, sup21 × elo2∆, and
tridemorph resistance of the diploid, sup21 × elo3∆, sug-
gested that sup21 was an elo3 mutant. Plasmid YCp-
GALELO3 carrying ELO3 fused to the GAL1- inducible pro-
moter was transformed into the sup21 strain (Fig. 4). When
placed on a galactose medium, tridemorph sensitivity of the
sup21 strain was restored. A similar effect was observed with
the elo3∆ control strain; however, overexpression of the
ELO3 gene had no effect on the tridemorph resistance of the
wild-type strain, indicating that restored sensitivity was due
to complementation by the wild-type ELO3 allele. This con-

firmed that sup21 was an elo3 mutant. Further, a quadruple
mutant strain, erg2∆ upc2∆ ecm22∆ elo3∆ carrying the wild-
type UPC2 allele on a plasmid, was constructed and placed
on 5-FOA media to select for loss of the UPC2-containing
plasmid. As shown in Figure 5, the triple mutant erg2∆ upc2∆
ecm22∆ (UPC2) plated on 5-FOA did not grow. In contrast,
the quadruple mutant erg2∆ upc2∆ ecm22∆ elo3∆ plated on
5-FOA lost the plasmid and grew, demonstrating that elo3∆
suppresses the synthetic lethality of erg2∆ upc2∆ ecm22∆. In
addition, the sterol composition of erg2∆ upc2∆ ecm22∆
elo3∆ was the same as that in the suppressed triple mutant
upc2∆ ecm22∆ erg2∆ sup21 (not shown).

elo2 does not suppress the erg2upc2ecm22 triple mutant.
Since elo2 was also shown to suppress the nonviable erg2
mutant (5), suppression of erg2∆ upc2∆ ecm22∆ by elo2∆
was also tested. The elo2∆ upc2∆ ecm22∆ (UPC2) triple mu-
tant was constructed and crossed to erg2∆ upc2∆ ecm22∆
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A B

FIG. 2. Sterol profile of the erg2∆ (A) and the upc2∆ ecm22∆ erg2∆ sup21 (B) strains. Lower-
case letters represent ergosterol precursors: (a) squalene, (b) ergosta-5,8,22-trien-3β-ol, (c) zy-
mosterol, (d) fecosterol, and (e) ergosta-8-en-3β-ol.

FIG. 3. Tridemorph resistance of the sup21 suppressor and the corresponding wild-type SCY325 as well as the elo2∆ and elo3∆ mutants with the
corresponding wild-type DTY10A. Colony growth assays represent 10-fold serial dilutions starting with 104 cells per spot. CSM, complete syn-
thetic media.

+ tridemorph + tridemorph + tridemorph
CSM 6 µg/mL 8 µg/mL 10 µg/mL

sup21

SCY325
(wt)

elo2

elo3

DTY10A
(wt)



(UPC2). The diploid was dissected and segregants from 16
tetrads were analyzed. Consistent with Vik and Rine’s (7) re-
sults, none of the 10 segregating erg2∆ upc2∆ ecm22∆
(UPC2) triple mutants were viable when plated on 5-FOA
medium. Surprisingly, all 12 of the elo2∆ erg2∆ upc2∆
ecm22∆ (UPC2) quadruple mutants from the cross failed to
grow on 5-FOA media, suggesting an inability to lose the
UPC2-containing plasmid. The nonviability of the erg2∆
upc2∆ ecm22∆ elo2∆ quadruple mutant indicated that a mu-
tation in the ELO2 gene could not suppress erg2∆ upc2∆
ecm22∆. 

DISCUSSION

Five enzymes from the late ergosterol pathway, encoded by
ERG6, ERG2, ERG3, ERG4, and ERG5, are nonessential in
the yeast Saccharomyces cerevisiae under normal conditions.
There is, however, one genetic background (FL100) in which
one of them, the ERG2 gene, is essential (5). By crossing two
different erg2 strains, one viable and one nonviable, Silve et
al. (5) showed that the erg2 lethality phenotype is dependent
on the genetic background. In this study, mutations in two
transcription factors, Upc2p and Ecm22p, were introduced
into a viable erg2∆ mutant. This resulted in a synthetic lethal-
ity of the triple mutant and thus simulated the genetic back-
ground, as described by Silve et al. (5), in which erg2 alone
is lethal. Sterol analysis of the upc2∆ ecm22∆ double mutant
showed that deletion of these two transcription factors re-

duces the amount of ergosterol synthesized, although cells are
still able to synthesize the final product ergosterol. This is in
agreement with the results of Vik and Rine (7). To understand
why the triple mutant erg2∆ upc2∆ ecm22∆ is lethal, the
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CSM (galactose)

CSM (galactose)
8 mg/mL tridemorph

CSM-URA (galactose)
8 mg/mL tridemorph

sup21 + (GAL1-ELO3)

SCY325 (wt) + (GAL1-ELO3)

elo3 + (GAL1-ELO3)  

sup21 + (GAL1-ELO3)

SCY325 (wt) + (GAL1-ELO3)

elo3 + (GAL1-ELO3)  

sup21

SCY325 (wt)

elo3

sup21

SCY325 (wt)

elo3

CSM-URA (galactose)A C

B D

FIG. 4. Effect of tridemorph on sup21 transformed with GAL1-ELO3. Strains sup21, SCY325, and elo3∆ grown on galactose medium without the
GAL1-ELO3 plasmid, and (A) without and (B) with tridemorph. Strains sup21, SCY325, and elo3∆ carrying the YCpGAL1-ELO3 plasmid under in-
ducible conditions (C) without and (D) with  tridemorph. Colony growth assays represent 10-fold serial dilutions starting with 104 cells per spot.
CSM-URA, complete synthetic media lacking uracil; for other abbreviation, see Figure 3.

FIG. 5. Viability of the quadruple mutant erg2∆ upc2∆ ecm22∆ elo3∆.
The wild-type strain SCY325 (A) and the erg2∆ upc2∆ ecm22∆ (UPC2)
triple mutant (B) served as positive and negative controls, respectively.
erg2∆ upc2∆ ecm22∆ elo3∆ (UPC2) (C) and erg2∆ upc2∆ ecm22∆
(UPC2) (D) represent two segregants from the cross erg2∆ upc2∆
ecm22∆ (UPC2) × elo3∆. 5-FOA, 5-fluoroorotic acid. 



search for a suppressor was undertaken, and a mutation in the
ELO3 gene was revealed. The ELO3 gene was previously
shown to suppress erg2 in the FL100 genetic background. In-
terestingly, elo2 also suppressed erg2 in this background but
was not able to suppress the erg2∆ upc2∆ ecm22∆ mutant in
this study. Both the ELO2 and ELO3 genes encode components
of a complex involved in the production of very long chain FA,
which are precursors for ceramide and sphingolipids. The
Elo2p enzyme catalyzes the elongation of FA up to 24 carbons.
Elo3p and Elo2p overlap in the production of 24-carbon FA.
However, Elo3p is essential for the conversion of 24-carbon
acids to 26-carbon species. Both sterols and sphingolipids are
the main constituents of lipid rafts (12,13), which are lateral mi-
crodomains of cell membranes that have been implicated in nu-
merous cellular processes such as signal transduction, lateral
protein sorting, and cellular trafficking (14). It is proposed that
sterols and sphingolipids are packed tightly together within
these rafts, thus requiring a concerted physical interaction be-
tween them. Improper synthesis of both lipid molecules might
result in nonfunctional rafts, as shown by Eisenkolb et al. (15).
These authors demonstrated that simultaneous mutations in
sterol and sphingolipid synthesis due to mutations in erg6∆ and
elo3∆, respectively, produced a synthetically lethal phenotype
as a result of faulty raft biogenesis. This mutant incompatibility
was highly specific, since elo3∆ was not lethal with any other
mutant in the ergosterol pathway. Interestingly, results from this
work show that the effects of alterations in sterol composition
could be suppressed by specific changes in the structure of
sphingolipids. Since only elo3∆, which is essential for the pro-
duction of 26-carbon FA, and not elo2∆ is the suppressor of
erg2∆ upc2∆ ecm22∆, it is apparent that the absence of sphin-
golipids with 26-carbon FA can suppress specific defects in the
ergosterol pathway. Analysis of the sterol profile of the quadru-
ple mutant erg2∆ upc2∆ ecm22∆ elo3∆ showed the accumula-
tion of all sterol intermediates found in the erg2 mutant alone,
with the exception of ergosta-5,8,22-trien-3β-ol, which indi-
cates that lethality of the triple mutant is not due to the accumu-
lation of toxic sterols. Rather, it seems that a decrease in the flux
through the ergosterol pathway caused by upc2∆ ecm22∆ and
qualitative changes in the sterol species produced by the erg2∆
deletion resulted in abnormalities of cellular structures such as
rafts. Again, our observations are consistent with those of
Eisenkolb et al. (15), which demonstrate that mutations in
ELO2 and ELO3 can behave very differently in combination
with alterations in sterol synthesis. 
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ABSTRACT: Pneumocystis can transiently colonize healthy indi-
viduals without causing adverse symptoms, and most people test
positive for exposure to this organism early in life. However, it can
cause Pneumocystis pneumonia (PcP) in people with impaired im-
mune systems and is a major cause of death in HIV/AIDS. Al-
though it has close affinities to the Ascomycetes, Pneumocystis
has features unlike those of any single group of fungi. For exam-
ple, Pneumocystis does not synthesize ergosterol, which is consis-
tent with the inefficacy of amphotericin B and some triazoles in
clearing PcP. Pneumocystis sterols include distinct ∆7 24-alkyls-
terols. Metabolic radiolabeling experiments demonstrated that P.
carinii synthesizes sterols de novo. Cholesterol is the most abun-
dant sterol in Pneumocystis; most, if not all, is scavenged from the
mammalian host lung by the pathogen. The P. carinii erg7, erg6,
and erg11 genes have been cloned, sequenced, and expressed in
heterologous systems. The recombinant P. carinii S-adenosyl-L-
methionine:C-24 sterol methyl transferase (SAM:SMT) has a pref-
erence for lanosterol over zymosterol as substrate, and the enzyme
can catalyze the transfer of either one or two methyl groups to the
C-24 position of the sterol side chain. Two different sterol compo-
sitions were detected among human-derived P. jirovecii; one was
dominated by C28 and C29 sterols, and the other had high propor-
tions of higher molecular mass components, notably the C32 sterol
pneumocysterol. The latter phenotype apparently represents or-
ganisms blocked at 14α-demethylation of the sterol nucleus.
These studies suggest that SAM:SMT is an attractive drug target for
developing new chemotherapy for PcP.
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Pneumocystis, the paradigm of opportunistic infections, causes
life-threatening pneumonia (PcP) in individuals with defective
immune systems, such as those with HIV/AIDS, and in solid
organ transplant and cancer patients undergoing immunosup-
pressive therapy (1,2). Prior to the AIDS pandemic, PcP was
rarely observed, but it is now a major killer among those with
this disease. It is generally believed that the organism occurs
worldwide, and there is evidence that it is ubiquitous in both in-
door (3) and outdoor (4,5) environments and can survive for
months outside the mammalian lung (6,7). Most people test
seropositive for Pneumocystis early in life, indicating transient
infections (colonization) are normally cleared in healthy individ-
uals but reinfections occur and high anti-Pneumocystis antibody
titers are maintained in adults (1,2).

We recently observed an extraordinarily high percentage
of HIV-negative adult natives in the sub-Saharan country of
Cameroon with antibodies against Pneumocystis. Analysis
was performed by Western immunoblot techniques on sera
from HIV-negative and -positive patients (Table 1) (Nkinin,
S., Asonganyi, T., Medrano, F.J., Respaldiza, N., Calderón,
E., and Kaneshiro, E.S., unpublished data). These data are in
agreement with the suggestion that frequent, transient Pneu-
mocystis infections normally occur in human populations. We
believe that potential emerging pathogens can infect healthy
individuals who normally tolerate invasions by various mi-
crobes. These can cause disease when changes occur in the
microbe or host. Our data also showed that a lower percent-
age of the HIV-positive patients had anti-Pneumocystis anti-
bodies compared with HIV-negative patients. These results
verified that people infected with the virus have immune sys-
tems that are less able to produce antibodies.

The genus Pneumocystis is a genetically diverse group of
organisms that infect several mammalian host species and are
host species-specific (8,9). Different species can infect the
same host species. Pneumocystis in humans is named P.
jirovecii (10,11); P. murina is found in laboratory mice (12),
and both P. carinii (13) and P. wakefieldiae (14) infect labo-
ratory rats. Several different forms have been observed in
lung infections; the most dominant stages are thick-walled
cystic forms and vegetative pleiomorphic trophic forms (15).
All life cycle stages are characterized by an evenly thick gly-
cocalyx, and the trophic stages have unique extensions of
their cell surfaces described as tubular extensions. The
trophic forms form tight adhesions to alveolar type I epithe-
lial cells probably held by disulfide links, as suggested by the
separation of Pneumocystis from the pneumocytes using glu-
tathione, DTT, and other sulfhydryl agents (16). Mature cysts
(spore cases) contain eight ovoid intracystic bodies (spores);
however, there are also thick-walled cysts with banana-
shaped intracystic bodies that exhibit motility (17).
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TABLE 1
Serology of HIV-Negative and HIV-Positive Patients in Cameroona,b

Number
Patient group of samples MSG-positive MSG-negative Not scored

HIV-negative 55 50 (91%) 5 (9%) 0 (0%)
HIV-positive 51 38 (75%) 12 (23%) 2 (4%)
aNkinin, S., Asonganyi, T., Medrano, F.J., Respaldiza, N., Calderón, E., and
Kaneshiro, E.S., unpublished data.
bAntibodies directed against the major surface glycoprotein (MSG) of Pneu-
mocystis were detected by Western immunoblots.



Pneumocystis is classified as a lower ascomycete fungus,
but most workers agree that it has several features that differ
from those of most typical fungi. Among these atypical fea-
tures are the nature and metabolism of its sterols. The struc-
tures of the Pneumocystis sterols resemble those described in
basidiomycetous rust fungi (18), trypanosomatid flagellated
protozoan parasites (19–23), and some plants (24–27).

PNEUMOCYSTIS STEROLS

The majority of antifungal drugs currently used clinically tar-
get ergosterol or its synthesis. In the initial period of the AIDS
pandemic, it was found that some drugs used for protozoan
parasite infections could clear PcP, but several antimycotics
such as triazoles did not (28–32). Only higher concentrations
of amphotericin B that would be toxic to humans were effec-
tive in reducing P. carinii viability and growth in vitro (31,32). 

In the late 1980s, Pneumocystis was found not to contain
ergosterol, and the major sterol in the organism was choles-
terol (33). Later, the presence of distinct ∆7 24-alkylsterols
was reported (34–37); these constituted almost half of the
noncholesterol sterols (34,36,38,39) (Fig. 1). Since there was
no culture method available for Pneumocystis, those studies
were performed on organisms isolated from infected lungs of
animal models, primarily corticosteroid-immunosuppressed
laboratory rats. There is still no culture method for indefinite
passage of Pneumocystis in vitro, although improvements for
the growth of small numbers of organisms have been reported
(40). Thus, most direct biochemical experiments on sterols
still rely primarily on organisms isolated from rat lungs. To
ensure that the lipids analyzed do not include those from the
host lung, a protocol was developed to isolate and purify P.
carinii (16), and the purity of the preparations was shown to be
>95 to 100% by light and electron microscopic, immunochem-
ical, microbiological, biochemical, and enzyme analyses.

By using these purified preparations, at least 24 sterol
components were detected in P. carinii 10 yr ago by GLC and

MS (34). Analyses have since been refined, and 43 sterols re-
cently were identified in P. carinii by using a combination of
TLC and HPLC to separate individual sterols, which were
then subjected to high-field (600 MHz) NMR spectroscopy
(39) (Table 2). With structural identities that include their
stereochemical features now available, we are in a better po-
sition to predict the origins of the compounds present. It ap-
pears that some are synthesized de novo by P. carinii whereas
other sterols present in the mammalian lung are taken up
(scavenged) by the pathogen and incorporated unchanged into
its membranes. Also, it is hypothesized that some host-
derived sterols are scavenged and then modified by enzymes
in Pneumocystis.
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TABLE 2
Sterols Detected in Pneumocystis carinii Organisms Purified 
from Infected Rat Lungsa

Sterol Total sterol mass (%)

Cholest-5-en-3β-ol (cholesterol) 81.16
(Z)-Stigmasta-7,24(28)-dien-3β-ol 2.60
(24S)-Ergost-7-en-3β-ol (fungisterol) 2.51
(24S)-Ergost-5-en-3β-ol 1.92
(24R)-Stigmast-5-en-3β-ol (β-sitosterol) 1.38
(24S)-Stigmast-7-en-3β-ol 1.30
Ergosta-7,24(28)-dien-3β-ol 1.16
(24R)-Ergost-5-en-3β-ol (campesterol) 0.96
(Z)-Stigmasta-5,24(28)-dien-3β-ol (isofucosterol) 0.68
Ergosta-5,24(28)-dien-3β-ol 0.65
(24S)-Ergost-8(14)-en-3β-ol 0.48
Lanosta-8,24-dien-3β-ol (lanosterol) 0.40
Cholesta-5,24-dien-3β-ol (desmosterol) 0.35
(24S)-Stigmast-5-en-3β-ol 0.35
Cholesta-7,24-dien-3β-ol 0.34 
5β-Cholestan-3β-ol 0.33
(Z)-24-Ethylidenelanost-8-en-3β-ol (pneumocysterol) 0.31
24-Methylenelanost-8-en-3β-ol 0.29
Cholest-7-en-3β-ol (lathosterol) 0.29
(Z)-Stigmasta-8(14),24(28)-dien-3β-ol 0.29
4α-Methylergosta-8,24(28)-dien-3β-ol 0.27
(24S)-Stigmast-8(14)-en-3β-ol 0.24
4,4-Dimethylergosta-8,24(28)-dien-3β-ol 0.21
(24S)-Ergost-8-en-3β-ol 0.17
(Z)-Stigmasta-8,24(28)dien-3β-ol 0.15
4,4-Dimethylcholesta-8,24-dien-3β-ol 0.15
(24S)-5β-Ergostan-3β-ol 0.15
(24R)-5β-Stigmastan-3β-ol 0.13
Ergosta-8,24(28)-dien-3β-ol 0.11
(Z)-4,4-Dimethylstigmasta-8,24(28)-dien-3β-ol 0.10
4α-Methylcholesta-8,24-dien-3β-ol 0.10
4α-Methylcholest-7-en-3β-ol 0.09
(24S)-Stigmasta-7,25-dien-3β-ol 0.06
4α-Methylergosta-8(14),24(28)-dien-3β-ol 0.05 
(24S)-Stigmasta-5,22-dien-3β-ol (stigmasterol) 0.05
24-Methylenecholest-8(14)-en-3β-ol 0.05
(Z)-4α-Methylstigmasta-8,24(28)-dien-3β-ol 0.04
(24R)-Ergosta-5,22-dien-3β-ol (brassicasterol) 0.04
(24S)-Stigmasta-5,25-dien-3β-ol 0.04
Cholesta-5,25-dien-3β-ol 0.03
Cholesta-8,24-dien-3β-ol (zymosterol) 0.03
25-Methylergosta-5,24(28)-dien-3β-ol 0.02
Cholest-8-en-3β-ol 0.01
aFrom Reference 39.

FIG. 1. The major Pneumocystis carinii-specific sterols. (A) Ergosta-
7,24(28)-dien-3β-ol (24-methylenecholest-7-en-3β-ol); (B) (24S)-ergost-
7-en-3β-ol (24β-methylcholest-7-en-3β-ol); (C) (Z)-stigmasta-7,24(28)-
dien-3β-ol (24Z)-ethylidenecholest-7-en-3β-ol); and (D) (24S)-stigmast-
7-en-3β-ol (24β-ethylcholest-7-en-3β-ol).



SCAVENGED STEROLS

Cholesterol constitutes approximately 75–85% of P. carinii
total sterols (34,37,39). The pathogen proliferates in a milieu
rich in lung surfactant. Lung surfactant is composed mainly of
lipids, especially dipalmitoyl PC, but also includes substantial
levels of cholesterol. Bronchoalveolar lavage fluid (BALF)
from P. carinii-infected rats was shown to contain less phos-
pholipids compared with uninfected controls (41–43). Also,
total lipids and total phospholipids in BALF from HIV-posi-
tive, PcP-positive human patients were lower than normal, and
this reduction was specifically correlated with PcP (44). These
observations suggested that PcP enhanced phospholipase ac-
tivity in the alveolus and/or that the lipids were removed by
the proliferating organisms. Subsequently, BALF from PcP
patients were found to contain 80% less sterols (3.06 µg/mL)
than controls (16.25 µg/mL) (45). Although PcP might be ac-
companied by decreased alveolar phospholipids as a conse-
quence of enhanced phospholipase activity, this alone cannot
explain the reduction of sterols. Thus, these results strongly
suggest that Pneumocystis takes up significant amounts of
sterols from its environment in the lung. 

Additional support for scavenging of host cholesterol by
Pneumocystis comes from a metabolic radiolabeling experi-
ment using [3H]squalene. After incubation of P. carinii with
the sterol precursor, sterols were isolated and crude fractions
were collected by preparative GLC. The GLC fraction con-
taining cholesterol plus some other minor components had
only low levels of radioactivity (Table 3). In contrast, the
other fractions representing a lower proportion of the total
sterol mass had higher radioactivities; hence, the relative spe-
cific activity of the cholesterol-containing fraction was dra-
matically lower than that of the other fractions. We tentatively
conclude that most, if not all, cholesterol in the organism is
taken up from the environment in the host lung and is utilized
unchanged by the organism to form new membranes. 

The organism contains substantial amounts of ∆5 sterols,
including those with methyl and ethyl groups in the β configu-
ration (39). However, there is no evidence that intrapulmonary
P. carinii desaturates sterols at C-5 of the sterol nucleus. It has
been suggested that P. carinii scavenges ∆5 sterols, namely,
desmosterol, that are available in the rat lung and modifies
them (46). Data supporting this suggestion come from experi-
ments showing that the recombinant P. carinii S-adenosyl-L-
methionine:C-24 sterol methyltransferase (SAM:SMT) (see

below) can transmethylate desmosterol and 24-methylenecho-
lesterol (Worsham, D.N., and Kaneshiro, E.S., unpublished
data). The ∆5 24-alkylsterol products might be further modi-
fied by the P. carinii C-24 (28) reductase to produce methyl
and ethyl groups in the β configuration. 

Pneumocystis contains undetectable or only low amounts
of ∆22 sterols. Thus, it is currently believed that intrapul-
monary forms of the organism do not desaturate the sterol
side chain at C-22.

DE NOVO SYNTHESIS OF STEROLS

The distinct ∆7 24-alkylsterols not found in mammalian lung
controls (34) are not known to be formed by mammals; thus,
it was inferred that P. carinii synthesized these de novo
(34–36). The P. carinii ∆7 24-alkylsterols with methyl and
ethyl groups at C-24 are now known to occur in the β config-
uration. In contrast, most phytosterols found in uninfected
lung controls are in the α configuration (39). Direct evidence
for de novo sterol synthesis comes from several metabolic in-
corporation experiments. Pneumocystis carinii sterols were
shown to become radioactive when intact organisms were in-
cubated with a number of radiolabeled precursors of the ac-
etate-mevalonate pathway. These included acetate, HMG-
CoA, mevalonate, squalene, and isopentenyl diphosphate
(47–50). It was also shown that the HMG-CoA reductase ac-
tivity was highly sensitive to lovastatin inhibition; IC50 was 4
nM (48).

REACTIONS IN STEROL BIOSYNTHESIS AS DRUG
TARGETS IN PNEUMOCYSTIS

Because Pneumocystis synthesizes its own distinct sterols de-
spite the abundance of cholesterol and other sterols available
for scavenging, it appears that the pathogen cannot rely en-
tirely on them to grow and multiply. The 24-alkylsterols can
be regarded as “metabolic sterols” (22). It was experimentally
demonstrated that the kinetoplastid flagellate Leishmania can
be depleted of its “metabolic sterols” (24-alkylsterols) by
adapting it to an inhibitor (azasterol) over several subcultures
(51). However, this has not been observed in pathogens caus-
ing natural infections. That P. carinii is sensitive to sterol
biosynthesis inhibitors also has been demonstrated. A num-
ber of different compounds reduced P. carinii viability in vitro
as indicated by decreased cellular ATP in vitro (Table 4) (32). 

Terbinafine was among the compounds tested, and it
showed high anti-P. carinii activity (32). Furthermore, consis-
tent with the in vitro assay, terbinafine showed efficacy against
PcP in vivo using laboratory rats (52). On other hand, an inde-
pendent study on terbinafine did not show any effect on PcP
in rats and mice (53). The disparity between the results ob-
tained in the two studies using animal models is not known.

The effects of 14α-demethylase (14DM) inhibitors fell
into two groups (32). Two of three imidazoles tested exhib-
ited high anti-P. carinii activity, but fluconazole and two other
triazoles tested had no effect on cellular ATP levels. Subse-
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TABLE 3
Incorporation of [3H]Squalene into Major P. carinii Sterol GLC 
Fractionsa

% of % of Relative
GLC fraction total dpm total massb specific activity

Cholesterol-enrichedc 13.4 75 0.17
All other sterol fractions 86.6 25 3.48
aFractions were collected by preparative GLC using a 15% OV 101 packed
glass column. 
bEstimated from Reference 34.
cCholesterol plus other minor components. For abbreviation see Table 1.



quently, it was reported that the triazole tebuconazole was ef-
fective in reducing P. carinii viability in vitro (54).

The azasterol 20-piperidin-2-yl-5α-pregnan-3β-20(R)-diol
and 24-epiminolanosterol were tested on primary cultures of
P. carinii isolated from infected rat lungs (36). Both of these
compounds, which inhibit SAM:SMT, caused dramatic re-
ductions in the total 24-alkysterol level, which was reduced
by 40% after 2 d of exposure to 10 µM of azasterol. At the
same inhibitor concentration and exposure time, cell prolifer-
ation declined by approximately 50% compared with un-
treated cultures. As 24-epiminolanosterol had no effect on
ATP levels after exposure of organisms in vitro for 72 h (32),
blocking production of 24-alkylsterols by SAM:SMT appears
to have static rather than cidal effects on P. carinii growth.

Some steroidal allenic phosphonic acid derivatives also re-
duced P. carinii viability in vitro (55). Diethyl phosphono
analogs of norethindrone and mestranol (Fig. 2) had potent ac-
tivity against P. carinii ATP levels, but whether these com-
pounds specifically inhibit SAM:SMT has not been demon-
strated. The studies performed to date indicate that reactions in
sterol biosynthesis are potential drug targets in Pneumocystis. 

MOLECULAR BIOLOGY APPROACHES

Since methods are still not available for rapid growth of
Pneumocystis in large numbers in continuous subcultures,
molecular biology techniques are currently being applied to
study sterol biosynthesis in this pathogen. Genes encoding
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TABLE 4
Effects of Sterol Biosynthesis Inhibitors on P. carinii Viability by Measuring Cellular ATPa

IC50 (µM) Exposure times

Targeted sterol biosynthesis reaction step 24 h 48 h 72 h

HMG-CoA reductase
Simvastatin (Merck) —b — 2,422
Lovastatin (Merck) — — —
L-647,318 (prodrug similar to lovastatin and simvastatin; Merck) — — —
L-654,164 (bromo- and chlorinated amine; Merck) — — —

Squalene synthase
CCI 14993 (naphthalene alkylamine derivative; Glaxo) 2,832 18 8
CCI 16543 (biphenyl alkylamine derivative; Glaxo) 434 68 33
Squalestatin (GR 105155X; Glaxo) — — —

Squalene epoxidase
Terbinafine 5,863 130 13
Tolnaftate (Sigma) — 3,980 1,625

Squalene epoxide-lanosterol cyclase
GR 90525A (phenylcyclohexylamine derivative; Glaxo) 7 4 3
GR 193018A (phenylcyclohexylamine derivative; Glaxo) 30 11 8
GR 54985A (bis-cyclohexyloxyalkylamine derivative; Glaxo) 121 16 9
GR 31149A (bis-cyclohexyloxyalkylamine derivative; Glaxo) 4,464 47 6
UI 8666A (3-β-[(diethylamino)ethoxy]androst-5-en-17-one 212 60 67

Lanosterol demethylase
GR 40317A (imidazole derivative; Glaxo) 33 8 5
GR 42539X (imidazole derivative; Glaxo) 81 8 7
GR 40665X (imidazole derivative; Glaxo) 692 453 372
Fluconazole — — —
GR 71539X (triazole derivative; Glaxo) — — —
GR 77303X (triazole derivative; Glaxo) — — —

∆8 to ∆7 isomerase
AY 9944 (Ayerst) 51 36 7

SAM:SMT 
24(25)-Epiminolanosterol (E.J. Parish) — 4,737 —
24-Bromolanosterol (E.J. Parish) — — —
24-Iodolanosterol (E.J. Parish) — — —
Sinefungin (Sigma) — — —

aFrom Reference 32.
b—, Inhibition was always less than 50%. SAM:SMT, S-adenosyl methionine:C-24 sterol methyl transferase; for other ab-
breviation see Table 1.

FIG. 2. Steroidal allenic phosphonic acid derivatives with anti-Pneumo-
cystis activity in vitro. (A) 17[2-(Diethylphosphonato)ethylidienyl]-19-
norpreg-4-en-3-one, a diethyl phosphono analog of norethindrone; (B)
17[2-(diethylphosphonato)ethylidienyl]-3-methoxy-19-norpregna-
1,3,5-tirene, a diethyl phosphono steroid derived from mestranol.



enzymes in sterol biosynthesis have been cloned, sequenced,
and expressed in heterologous systems. 

Matsuda and his colleagues (56) succeeded in expressing
the recombinant P. carinii oxidosqualene cyclase (encoded
by erg7) in the yeast Saccharomyces cerevisiae. The enzyme
produced lanosterol (not cycloartenol); hence, the enzyme is
a lanosterol synthase (56), which is consistent with our inabil-
ity to detect cycloartenol in P. carinii by GLC–MS with sen-
sitivity in the nanomolar range (38). Unlike the S. cerevisiae
enzyme, the recombinant lanosterol synthase did not accumu-
late in lipid particles but remained in the endoplasmic reticu-
lum of the yeast cell (56). The transformed yeast has been
used to screen a number of potential inhibitors of this enzyme
(57). Some compounds showed promise as potential anti-
Pneumocystis drugs by exhibiting activity against P. carinii
proliferation in short-term culture with little toxicity to mam-
malian tissue culture cells. 

The P. carinii SAM:SMT (encoded erg6) was expressed
in S. cerevisiae and in the bacterium Escherichia coli (58,59)
by our group. Unlike most yeast SAM:SMT, the P. carinii re-
combinant enzyme expressed in E. coli can transfer one or
two methyl groups to the C-24 position of the sterol side
chain. Also, the enzyme can act on a number of sterol sub-
strates and appears to prefer lanosterol over other sterols
(Table 5). Experiments on the recombinant SAM:SMT
showed that lanosterol is converted to 24-methylenelanost-8-
en-3β-ol (eburicol) (Fig. 3). Eburicol is then converted to (Z)-
24-ethylidenelanost-8-en-3β-ol (pneumocysterol) (58; Wor-
sham, D.N., and Kaneshiro, E.S., unpublished data) as the
major product; its stereoisomer (E)-24-ethylidenelanost-8-en-
3β-ol is also produced (58). As described above, inhibition of
SAM:SMT in P. carinii with an azasterol blocked the produc-
tion of 24-alkylsterols and reduced organism proliferation
(36). Thus, SAM:SMT is a particularly attractive target be-
cause it is absent in mammals and blocking this reaction in
the pathogen may have little toxicity to the host.

The P. carinii 14DM (encoded by erg11) was also ex-
pressed in S. cerevisiae by Thomas and his colleagues (60).
Compared with parental yeast cells, the transformed yeasts
expressing the P. carinii erg11 gene required higher concen-
trations of the azoles fluconazole and voriconazole to reduce
culture proliferation; however, itraconazole was a potent in-
hibitor. Thus, the P. carinii 14DM appears to be relatively in-

sensitive to some but not all azole drugs. These workers also
identified two sites that were identical to those in a flucona-
zole-resistant strain of Candida albicans, and they altered the
P. carinii erg11 gene by site-directed mutagenesis at these two
loci to those in the azole-sensitive Candida. The sites altered
were E113 to D and T125 to K. However, D116E and D128T
mutations are also found in azole-sensitive strains of C. albi-
cans (61); thus, the importance of these amino acid substitu-
tions in azole binding and susceptibility to fluconazole in P.
carinii remains an open question. Studies on azole sensitivity
of a native or recombinant Pneumocystis 14DM by direct en-
zyme analysis have yet to be reported.

Analysis of erg gene homolog expression under different
environmental conditions has been initiated. The expression
of several erg genes in response to anti-Pneumocystis drugs
was evaluated using a macroarray protocol (54). After 24-h
exposure to 0.1 µg/mL of chymostatin (inhibits HMG-CoA
reductase), 25 µg/mL of tolnaftate (inhibits squalene epoxi-
dase) (62), or 15 µg/mL of tebuconazole (inhibits 14DM)
(63), putative P. carinii erg11 and erg8 expressions were
down-regulated. These compounds increased expression of
erg1, erg4, erg6, and erg10. On the other hand, erg7, erg9,
and erg13 were up-regulated by chymostatin and tebucona-
zole and down-regulated by tolnaftate. Pentamidine (inhibits
mitochondrial DNA) (64) and atovaquone (inhibits electron
transport) (65,66), used clinically against PcP, reduced ex-
pression of many erg genes, but a few exhibited increased ex-
pression. It should be noted that atovaquone not only inhibits
the cytochrome bc1 complex in the electron transport chain
but also is a potent inhibitor of ubiquinone biosynthesis
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TABLE 5
The P. carinii Recombinant SAM:SMT Expressed in Escherichia coli: Affinity of Sterol Substratesa

Vmax (pmol mg−1

Sterol substrate Km (µM) protein min−1) Products

Lanosterol 11 155 24-Methylenelanost-8-en-3β-ol (eburicol);
24-ethylidenelanost-8-en-3β-ol (pneumocysterol)b

24-Methylenelanosterol 19 738 (Z)-24-Ethylidenelanost-8-en-3β-ol; 
(E)-24-ethylidenelanost-8-en-3β-olc

Zymosterol 41 42 Structures not determined
Cycloartenol ND
aFrom Reference 59. Recombinant protein was expressed in E. coli, from a pET 30a vector, which contains an S- and 6 His-
tags. Assays were performed on transformed bacterial homogenates; thus, Vmax values do not represent rates of the pure en-
zyme protein. ND, not determined.
bThe Z and E isomers were in a 2:1 ratio.

FIG. 3. Products of the recombinant P. carinii SAM:SMT on lanosterol.
(A) 24-Methylenelanost-8-en-3β-ol (eburicol); (B) (Z)-24-ethyli-
denelanost-8-en-3β-ol. This was the dominant noncholesterol compo-
nent in P. jirovecii 14DM−. SAM:SMT, S-adenosyl methionine: C-24
sterol methyltransferase; 14DM, 14α-demethylase.



(67–70). Since the syntheses of sterols and ubiquinones share
several steps of the isoprenoid pathway, the response of erg
gene expression to atovaquone may be quite complex. Also,
at this stage, the extent to which organism viability (ATP) in-
fluenced the expression of specific erg genes is not yet clear.

HUMAN-DERIVED P. JIROVECII: POSSIBLE erg11 MU-
TANT POPULATION?

From the initial studies on P. jirovecii sterols, it was clear that
the sterol composition of these organisms was more variable
from sample to sample than those reported for P. carinii
(71,72). It is expected that the biochemical nature of human-
derived material would not be as uniform as that observed in
laboratory animals kept under controlled conditions. How-
ever, the sterol compositions observed in different P. jirovecii
samples spanned an unusually broad range. Two general types
were noted (Fig. 4). One was characterized by C28 and C29
24-alkylsterols with low proportions of ≥C30 components,
generally what was observed in P. carinii and Pneumocystis
from SIV-positive monkeys, scid/scid mice, corticosteroid-
immunosuppressed mice, and weanling rabbits (71). The
other type had high proportions of ≥C30 sterols, especially the
C32 lanosterol derivative pneumocysterol (Fig. 3). It was a
specimen of the latter type containing high concentrations of
pneumocysterol that provided the material needed to describe
this rare sterol (73). There was no obvious correlation be-
tween these two phenotypes and HIV/AIDS status, drug treat-
ment, or other information available on patients’ histories
(71,72), but the effects of disease or therapy could not be
ruled out at the time. It was proposed that the high ≥C30 sterol
phenotype resulted from low 14DM activity and that the
sterols with compositions between the two extremes repre-
sented co-infections of the two genetically distinct organisms
(72). However, one could not be absolutely sure that some pa-
tients might have taken drugs such as azoles that had not been
prescribed for them, or that their diets might have included
compounds that inhibit 14DM. Support for distinct P. jirovecii
populations with different sterol compositions was provided
by analysis of samples taken from different regions of the
same pair of autopsied lungs obtained from a person who died
of PcP. A broad range of sterol compositions was observed in
different samples from the same individual; thus, it seems un-
likely that the basis for these two phenotypes was caused by
disease or drug treatment (74).

Most recently, definitive structural identities of 28 sterols
were elucidated for P. jirovecii with blocked 14DM activity.
Individual sterols were isolated by TLC and HPLC and ana-
lyzed by NMR (75). These analyses confirmed that the major
noncholesterol components had a methyl group at C-14 of the
sterol nucleus (Table 6). The observation of two different
sterol composition phenotypes is most simply explained by
mutation of the erg11 gene. However, detailed genetic analy-
sis of the P. jirovecii erg11 gene from putative wild-type and
mutant organisms has yet to be performed; thus, it cannot be
ruled out that other factors regulating gene expression or

enzyme activity are responsible. The putative 14DM− pheno-
type has been observed in samples obtained from the United
States and Europe (71,72). Thus, it appears that organisms of
this phenotype have spread among different human popula-
tions, and it is possible that several putative erg11 mutants de-
veloped independently. The rapid expression and high inci-
dence of 14DM− phenotype populations is consistent with the
haploid nature of Pneumocystis organisms (76). The sterols
of putative wild-type P. jirovecii with active 14DM have yet
to be analyzed by NMR; however, it appears that the 14DM
enzyme protein of Pneumocystis is unlike those of many other
fungal pathogens.

SUMMARY

It is important to understand the natural history of Pneumo-
cystis because it is an excellent example of an “emerging
pathogen”, that was not frequently encountered clinically 25
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FIG. 4. GLC tracings of two sterol composition phenotypes in different
P. jirovecii samples. (A) Purified cryopreserved P. jirovecii from an HIV-
negative cancer patient from Denmark exhibiting low proportions of
≥C30 sterols; (B) enriched preparation of cryopreserved P. jirovecii iso-
lated from an AIDS patient in Italy with high ≥30 sterols (from Ref. 72);
(C) formalin-fixed lung of an AIDS patient in the United States who died
of Pneumocystis pneumonia.



yr ago, and was then regarded by most clinicians simply as a
curiosity. Since the AIDS pandemic and the recognition that
a variety of drug-resistant microbes are rapidly evolving, it is
clear that more and diverse drugs need to be developed.
Studying the sterols of Pneumocystis and their biosyntheses
has broad relevance because some of these compounds are
also found in some protozoan and fungal parasites that cause
other devastating diseases. Furthermore, this organism has
many unusual characteristics. A better understanding of how
Pneumocystis functions would broaden our ability to study a
larger range of organisms inhabiting our planet.
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ABSTRACT: Teliospores of cedar-apple rust Gymnospor-
angium juniperi-virginianae were collected from the eastern red
cedar Juniperus virginiana, and aeciospores of quince rust G.
clavipes were collected from the fruit of English hawthorn
Crataegus laevigata. The sterol fractions were separated by
HPLC, and their identities were determined by 600 MHz 1H
NMR. Twenty-six sterols were isolated from G. juniperi-virgini-
anae and 18 sterols were isolated from G. clavipes. The princi-
pal sterol of both fungi was (Z)-stigmasta-7,24(28)-dien-3β-ol.
Other major sterols were (24S)-ergost-7-en-3β-ol, (24S)-stig-
mast-7-en-3β-ol, and (24S)-stigmasta-5,7-dien-3β-ol. The sterols
of the hosts were found to be very different from those of the
fungi. The 24-alkyl sterols of the fungi had the 24α-configura-
tion, whereas those of the hosts had the 24β-configuration. Sim-
ilarities to the sterol composition of the AIDS pneumonia fun-
gus Pneumocystis carinii are discussed.

Paper no. L9550 in Lipids 39, 763–767 (August 2004).

The Gymnosporangium rusts are heterobasidiomycete fungi
that have a complex life cycle alternating between evergreen
hosts of the cypress family and members of the rose family.
Cedar-apple rust Gymnosporangium juniperi-virginianae
Schw. is widespread in the United States and southern Canada
east of the Rocky Mountains, and the quince rust G. clavipes
C. & P. is found throughout North America (1). These plant
diseases have a significant economic impact on fruit orchards.
Many of the fungicides used to control these plant diseases
target fungal sterol metabolism (2,3), as do most clinical anti-
fungal agents (4–6).

The sterol biosynthesis of the rust fungi differs signifi-
cantly from that of other fungi (7–9). Although ergosterol is
the predominant sterol in many fungi, the rusts contain
mainly C29 sterols. The rust fungi also contain 24-ethyl or 24-
ethylidene sterols and therefore carry out an extra S-adeno-
sylmethionine (SAM)-dependent methylation. A similar pat-
tern has been found in Pneumocystis, an opportunistic fungal
pathogen that causes pneumonia in AIDS patients (10).

In publications over 30 yr old, the sterols of five species of
rust fungi were reported based on mixed m.p., GC, MS, and
low-field 1H NMR (11–19). The structures of a total of four
sterols were identified. In this study, by using RP-HPLC and
600 MHz NMR, a detailed analysis is presented of the sterols
of G. juniperi-virginianae and G. clavipe. This is the first

complete analysis of the sterols of rust fungi, and the first
sterol analysis of these two disease organisms. The sterol con-
tent of the host plants, Juniperus virginiana and Crataegus
laevigata, was also analyzed.

MATERIALS AND METHODS

Plant sample collection. The gall and telia of G. juniperi-vir-
ginianae were collected from five eastern red cedar trees, J.
virginiana, on the campus of Syracuse University (Syracuse,
NY). The telia (168 g) were cut off and stored at −20°C.
Healthy twigs (2.1 g) were collected from the same trees and
lyophilized using a Virtis 8XL freeze dryer (The Virtis Com-
pany, Gardiner, NY) to give 1.0 g of dry material. Fruits in-
fected with G. clavipes were collected from English hawthorn
trees C. laevigata on the campus of Syracuse University. The
aecial peridia (12.2 g) containing the aeciospores of G.
clavipes were removed from the surface of the fruit and stored
at −20°C. Heathy fruits (62.9 g) were collected from the same
trees and lyophilized to give 34.4 g of dry material.

Extraction and purification. All extraction and purification
steps were carried out under low light conditions to minimize
autoxidation. All solvent extractions were carried out with
100 mL of solvent at room temperature for 1 h, unless speci-
fied otherwise. Solvent extractions were repeated until TLC
monitoring indicated complete extraction of sterols.

The sterols were extracted from G. juniperi-virginianae by
stirring the telia with ethyl acetate overnight. After separation
of the solvent, the fungal cells were further extracted several
times with acetone. The organic extracts were combined and
evaporated in vacuo to dryness. 

The sterols of G. clavipes were similarly extracted from
aecial peridia and aeciospores by stirring with ethyl acetate
overnight, followed by extraction with several portions of
acetone, several portions of dichloromethane, and sonication
with methanol/dichloromethane (1:9, vol/vol). The organic
solutions were combined, and the solvents were removed by
evaporation in vacuo to dryness. 

The sterols of lyophilized hawthorn fruits (C. laevigata)
were extracted several times in a stainless steel blender (War-
ing Products Division, New Hartford, CT) with ethyl acetate.
The solvent was evaporated in vacuo. The dry leaves of ju-
niper (J. virginiana) were extracted by the same method as
the hawthorn fruits.

The polar substances were removed from the four extracts
by filtration through silica gel with ethyl acetate. The residues
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were saponified with 5% ethanolic KOH at reflux for 1 h. The
reaction mixtures were partitioned between water and ether,
and the organic layers were evaporated in vacuo. Pigments
were removed by Florisil chromatography using hexane/ethyl
acetate (39:1 and 4:1, vol/vol). The sterol fractions from the
hexane/ethyl acetate 4:1 eluate were evaporated to dryness
with a stream of nitrogen. 

Sterol analyses. The total sterols of each organism were
fractionated by preparative TLC (0.25-mm Silica Gel 60 F254;
EM Science, Gibbstown, NJ) using hexane/ethyl acetate (2:1,
vol/vol) as the solvent. Four sterol fractions were obtained: G.
juniperi-virginianae (17.2 mg); G. clavipes (16.1 mg); J. vir-
giniana (1.4 mg); and C. laevigata (7.5 mg). Three 4,4-di-
methyl sterol fractions were obtained: G. juniperi-virginianae
(2.8 mg); G. clavipes (0.3 mg); and C. laevigata (2.4 mg). The
different sterol fractions thus obtained were purified by RP-
HPLC using a Waters 6000A pump, Waters 410 differential re-
fractometer, and two Altex Ultrasphere ODS columns (5 µm,
10 × 250 mm) in series, at a flow rate of 3 mL/min of methanol.
Some 4,4-dimethyl sterol fractions were still mixtures after
HPLC. These were separated using acetonitrile/methanol/ethyl
acetate (11:4:4, by vol) as the HPLC solvent. The isolated
sterol fractions were evaporated with a stream of N2 and char-
acterized by 1H NMR (600 MHz, CDCl3). The structures of
sterols were assigned by comparison with the NMR spectra of
standards. The relative proportions of sterols within each frac-
tion were determined from the HPLC integrals.

Spectral data. The structures of (24S)-stigmasta-5,7,25-
trien-3β-ol (Ej) and (24S)-stigmast-5,7,9(11)-trien-3β-ol (Fi)
have not been reported before (See Fig. 1 for structures—up-
percase bold letters refer to the sterol nucleus, lowercase let-
ters to the side chain). Their assignments were based on their
1H NMR spectral data. Thus, the signals due to the sterol nu-
cleus match those of other sterols with the same nucleus, and
the signals due to the side chain match those of other sterols
with the same side chain. The 1H NMR data are also reported
for 28-norurs-12-en-3β-ol, which previously has only been
characterized as its acetate (20).

(24S)-Stigmasta-5,7,25-trien-3β-ol (Ej): 1H NMR (CDCl3,
600 MHz), δ5.58 (1H, m), 5.39 (1H, m), 4.73 (1H, s), 4.64
(1H, s), 3.64 (1H, m), 1.57 (3H, s), 0.95 (3H, s), 0.91 (3H, d, J
= 6.6), 0.81 (3H, t, J = 7.2), 0.63 (3H, s).

(24S)-Stigmasta-5,7,9(11)-trien-3β-ol (Fi): 1H NMR (CDCl3,
600 MHz), δ5.68 (1H, m), 5.52 (1H, m), 5.41 (1H, m), 3.61 (1H,
m), 1.25 (3H, s), 0.94 (3H, d, J = 6.4), 0.86 (3H, t, J = 7.4), 0.84
(3H, d, J = 6.8), 0.82 (3H, d, J = 6.8), 0.57 (3H, s).

28-Norurs-12-en-3β-ol: 1H NMR (CDCl3, 600 MHz),
δ5.16 (1H, t, J = 3.6), 3.23 (1H, m), 1.06 (3H, s), 1.00 (3H,
s), 0.95 (3H, s), 0.92 (3H, d, J = 6.5), 0.91 (3H, s), 0.80 (3H,
d, J = 6.5), 0.80 (3H, s).

RESULTS

The sterols of cedar-apple rust G. juniperi-virginianae were
0.01% of the wet weight of the teliospores. The major sterol
was (Z)-stigmasta-7,24(28)-dien-3β-ol (Bg) (58.7%). In total,

26 sterols were isolated, including three 4,4-dimethylsterols
(12.4% of total sterols), two 4α-methyl sterols (1.2%), and 21
desmethyl sterols (86.4%) (Table 1). The desmethyl sterol
fraction contained seven ∆5 sterols (8.4% of the total sterols),
five ∆7 sterols (67.1%), two ∆8(14) sterols (0.7%), two ∆8

sterols (1.7%), four ∆5,7 sterols (7.9%), and one ∆5,7,9(11) sterol
(0.6%). The major sterol side chains were (Z)-∆24(28) stigmas-
tane (g) (63.8%) and (24S)-stigmastane (i) (15.4%) (Fig. 1). 

The sterols of quince rust G. clavipes accounted for 0.13%
of the wet weight of the aeciospores. The major sterols were
(Z)-stigmasta-7,24(28)-dien-3β-ol (Bg) (40.9%), (24S)-er-
gost-7-en-3β-ol (Bd) (28.7%), and (24S)-stigmast-7-en-3β-ol
(Bi) (12.2%). Eighteen sterols were found, including two 4,4-
dimethylsterols (1.2% of total sterols), and 16 desmethyl
sterols (98.8%) (Table 1). No 4α-methylsterols were found.
The desmethyl sterols fraction contained four ∆5 sterols
(2.4% of the total sterols), five ∆7 sterols (84.6%), three ∆8

sterols (2.0%), three ∆5,7 sterols (8.8%), and one ∆5,7,9(11)

sterol (1.0%). The major sterol side chains were (Z)-∆24(28)

stigmastane (g) (42.5%), (24S)-ergostane (d) (29.1%), and
(24S)-stigmastane (i) (22.2%). 

The leaves of J. virginiana contained desmethylsterols as
0.07% of the wet weight (Table 1). Four sterols were found;
all are ∆5 sterols. The principal sterol was (24R)-stigmast-5-
en-3β-ol (sitosterol, Ak) (84.6%). No 4,4-dimethyl- or 4α-
methylsterols were found.
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FIG. 1. Structures of sterol nuclei (uppercase letters) and sterol side
chains (lowercase letters) isolated from Gymnosporangium rust fungi
and their hosts. (R = sterol side chain).



Fifteen sterols were isolated from hawthorn (C. laevigata)
fruits. (0.02% of the wet weight), including nine 4,4-dimethyl-
sterols (24.5%) and six desmethyl sterols (75.5%) (Table 1).
All of the desmethyl sterols had the ∆5 sterol nucleus. All of
the 4,4-dimethylsterols were nonsteroidal triterpene alcohols.
No 4α-methylsterols were obtained from the fruits.

DISCUSSION

A 1958 analysis of wheat stem rust Puccinia graminis var. trit-
ici indicated the presence of ergost-7-en-3β-ol (Bd or Be) in

uredospores (11). The identification of this sterol was based on
IR spectrometry, X-ray diffraction patterns, mixed m.p., and
polarimetry. However, when the sample was later analyzed by
GC, it was shown to be mainly stigmast-7-en-3β-ol (Bi or Bk)
(13). In another study of this fungus, capillary GC and MS also
showed stigmast-7-en-3β-ol (Bi or Bk) to be the predominant
sterol, and minor amounts of ergost-7-en-3β-ol (Bd or Be) and
a diunsaturated C28 sterol were detected (15). The same pattern
was found in the closely related P. striiformis (15). 

The investigation of the lipids of the flax rust Melampsora
lini identified stigmast-7-en-3β-ol (Bi or Bk) and stigmasta-
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TABLE 1
Sterol Contents of Gymnosporangium Rust Fungi and Their Hosts

Percentage of total sterolsc

Gymnosporangium Juniperus Crataegus
Sterolsa RTb (MeOH) juniperi-virginianae virginiana G. clavipes laevigata

Cholest-5-en-3β-ol (Aa) 45.0 —d — 0.2 1.1
Cholesta-5,24-dien-3β-ol (Ab) 37.4 0.4 — — —
Ergosta-5,24(28)-dien-3β-ol (Ac) 39.0 0.04 — 0.2 —
(24S)Ergost-5-en-3β-ol (Ad) 49.9 0.9 — — —
(24R)Ergost-5-en-3β-ol (Ae) 49.3 — 9.5 — —
(24R)Ergosta-5,22-dien-3β-ol (Af) 42.9 0.04 — — —
(Z)Stigmasta-5,24(28)-dien-3β-ol (Ag) 45.0 1.8 3.9 — 4.6
(E)Stigmasta-5,24(28)-dien-3β-ol (Ah) 45.0 — — — 0.3
(24S)Stigmast-5-en-3β-ol (Ai) 53.6 5.2 — 0.6 —
(24S)Stigmasta-5,25-dien-3β-ol (Aj) 42.3 0.02 — — 0.8
(24R)Stigmast-5-en-3β-ol (Ak) 53.0 — 84.5 1.4 68.4
(24S)Stigmasta-5,22-dien-3β-ol (Al) 47.6 — 2.1 — 0.3
Ergosta-7,24(28)-dien-3β-ol (Bc) 38.0 2.6 — 2.5 —
(24S)Ergost-7-en-3β-ol (Bd) 49.9 1.6 — 28.7 —
(Z)Stigmasta-7,24(28)-dien-3β-ol (Bg) 45.0 58.7 — 40.9 —
(24S)Stigmast-7-en-3β-ol (Bi) 53.3 4.0 — 12.2 —
(24S)Stigmasta-7,25-dien-3β-ol (Bj) 42.9 0.2 — 0.3 —
Ergosta-8(14),24(28)-dien-3β-ol (Cc) 35.6 0.6 — — —
(Z)Stigmasta-8(14),24(28)-dien-3β-ol (Cg) 40.6 0.1 — — —
Cholesta-8,24-dien-3β-ol (Db) 37.5 0.2 — — —
Ergosta-8,24(28)-dien-3β-ol (Dc) 37.8 — — 0.2 —
(24S)Ergost-8-en-3β-ol (Dd) 48.1 — — 0.4 —
(Z)Stigmasta-8,24(28)-dien-3β-ol (Dg) 42.9 1.5 — 1.4 —
(24R)Ergosta-5,7,22-trien-3β-ol (Ef) 38.0 0.5 — 0.2 —
(Z)Stigmasta-5,7,24(28)-trien-3β-ol (Eg) 40.6 1.7 — 0.2 —
(24S)Stigmasta-5,7-dien-3β-ol (Ei) 48.1 5.6 — 8.4 —
(24S)Stigmasta-5,7,25-trien-3β-ol (Ej) 40.6 0.1 — — —
(24S)Stigmasta-5,7,9(11)-trien-3β-ol (Fi) 35.6 0.6 — 1.0 —
4α-Methylergosta-8(14),24(28)-dien-3β-ol (Gc) 39.8 0.9 — — —
(24S)4α-Methylergost-8(14)-en-3β-ol (Gd) 50.0 0.3 — — —
Lanosta-8,24-dien-3β-ol (Hb) 42.6 5.5 — — —
24-Methylenelanost-8-en-3β-ol (Hc) 44.9 6.5 — 0.3 —
4,4-Dimethylergosta-8,24(28)-dien-3β-ol (Ic) 50.0 0.4 — — —
α-Amyrin 49.4 — — 0.9 1.3
β-Amyrin 45.2 — — — 0.9
δ-Amyrin 46.9 — — — 0.3
Butyrospermol 41.7 — — — 6.9
Cycloartenol 46.9 — — — 1.4
Lupeol 38.7 — — — 7.7
24-Methylenecycloartanol 49.4 — — — 1.3
28-Norurs-12-en-3β-ol 49.4 — — — 1.3
∆7 Tirucallol 43.5 — — — 3.4
aThe structures of sterols are shown in Figure 1—uppercase bold letters refer to the sterol nucleus, lowercase letters to the side chain.
bHPLC retention times (min).
cPercentages determined by integration of the refractive index detection chromatogram.
dEm dash (—), not detected.



7,24(28)-dien-3β-ol (Bg or Bh) in the uredospores using m.p.,
IR spectrometry, and 60 MHz NMR (12). Based on its GC re-
tention time and UV spectrum, a third, minor sterol was sug-
gested to be stigmasta-5,7-dien-3β-ol (Ei or Ek). It was pro-
posed that the sterols are derived from the host by the parasite.

The major sterol of the uredospores of the bean rust
Uromyces phaseoli was identified as (Z)-stigmasta-7,24(28)-
dien-3β-ol (Bg) using m.p., GC, MS, and NMR (14). The
stereochemical assignment of the side chain was made possi-
ble by Fourier transform 100 MHz NMR spectrometry. A sec-
ond sterol was tentatively identified as stigmast-7-en-3β-ol
(Bi or Bk) based on MS and IR spectrometry. Biosynthetic
incorporation of 14C-labeled methionine and acetate showed
that the sterols were synthesized by the rust fungus (12,16).
The isolation of a partially purified SAM-dependent sterol
methyltransferase from the uredospores further strengthened
the argument that the fungus synthesizes its own sterols (21). 

In an analysis of the lipids of Cronartium fusiforme, the
causative agent of fusiform pine rust, stigmasta-7,24(28)-
dien-3β-ol (Bg or Bh) was identified as the major sterol in the
aeciospores using GC–MS (17). Interestingly, basidiospores
of the same species were shown by GC–MS to contain stig-
mast-7-en-3β-ol (Bi or Bk) as the major sterol, followed by
stigmasta-5,7-dien-3β-ol (Ei or Ek) and ergost-7-en-3β-ol
(Bd or Be) (18). These sterols were also detected in the
mycelium of the germinating basidiospores in culture (19).

The detailed analysis presented here of cedar-apple and
quince rusts confirms the earlier observations of stigmasta-
7,24(28)-dien-3β-ol (Bg or Bh), stigmast-7-en-3β-ol (Bi or
Bk), and ergost-7-en-3β-ol (Bd or Be) as the major sterols of
rust fungi. Stigmasta-5,7-dien-3β-ol (Ei or Ek), which had
been identified as a minor component in flax rust and pine
rust, was detected in both cedar-apple and quince rusts at 5.6
and 8.4%, respectively. In contrast to the early studies, the
stereochemical configuration of the sterol side chains, and
thereby the absolute identity of each sterol, was determined.
All of the 24-alkyl sterols in the Gymnosporangium rusts,
with the exception of a small amount of sitosterol (Bi) (1.4%)
found in G. clavipes, had the 24β-configuration. This is in
marked contrast to the sterols of the host plants, which all
bear the 24α-configuration, with the exception of a trace of
clerosterol (Aj) found in the hawthorn fruit (0.8%). 

The difference in stereochemical configuration of the 24-
alkyl sterols of the host and the fungi indicates that the rust
fungi have a ∆24(28) sterol reductase that is opposite in its
stereochemical outcome to that of the host plants. Evidence
for de novo sterol biosynthesis in the rust fungi comes from
the presence of lanosterol (Hb) and 24-methylenelanosterol
(Hc), which are intermediates in fungal sterol biosynthesis
but are rarely found in plants (22). This is consistent with the
biosynthetic studies of Lin, Langenbach, and Knoche sup-
porting sterol synthesis in rust fungi (14,16,21). Furthermore,
fungicides that inhibit the enzyme 14-demethylase effectively
control the rust fungi (2,3); therefore, the rust fungi depend
on de novo sterol biosynthesis for the sterols required for
propagation and growth.

However, some of the sterols detected may be scavenged
from the host plants and subsequently modified. The small
amount of sitosterol (1.4%, Ak) found in the quince rust prob-
ably comes from the host, where it is the major sterol (68.4%).
Similarly, the trace of α-amyrin (0.9%) found in quince rust
most likely originates from the host. Interestingly, none of the
other triterpene alcohols found in the host was detected in the
fungus, suggesting selective uptake. It is likely that the ∆5

sterols found in the rust fungi are scavenged from the hosts.
For example, (Z)-stigmasta-5,24(28)-dien-3β-ol (Ag) could be
taken from the host and converted into (24S)-stigmast-5-en-
3β-ol (Ai) using the fungal ∆24(28) sterol reductase.

The rust fungi do not appear to be capable of producing
∆22-desaturated sterols such as ergosterol (Ef) (7–9). Al-
though ergosterol is the major sterol of many fungi (7–9),
only traces were detected in the two Gymnosporangium rusts
(0.5 and 0.2% of the total sterols). This may come from con-
tamination with other types of fungi, such as yeast. Other ∆5,7

sterols (Eg, Ei, Ej) bearing side chains typical of rust fungi
are found in substantial amounts, and it is therefore likely that
the rust fungi are capable of synthesizing the ∆5,7 sterol nu-
cleus.

The fungal pathogen that causes pneumonia in immuno-
compromised individuals, such as AIDS patients, has a very
similar sterol composition to the rust fungi (10). The major
sterol in Pneumocystis is cholesterol, which is thought to
originate from the lungs of the host. However, as in the rust
fungi, the major noncholesterol sterols are (Z)-stigmasta-
7,24(28)-dien-3β-ol (Bg), ergost-7-en-3β-ol (Bd), and stig-
mast-7-en-3β-ol (Bi). Of the 30 sterols isolated from the two
Gymnosporangium rusts, 25 of them were also found in
Pneumocystis carinii. The same set of side chains (b, c, d, g,
i, j) and nuclei (A–D, G–I) is found in both types of fungi, al-
though the ∆5,7 sterol nucleus (E) was not detected in P.
carinii. Neither the rusts nor P. carinii appears to be able to
produce ∆22 sterols such as ergosterol (Ef). Finally, rust fungi
contain the rare FA cis-9,10-epoxyoctadecanoic acid (8,23),
which is also found in Pneumocystis (24). These similarities
suggest that Pneumocystis is closely related to the rust fungi.
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ABSTRACT: All fruits, vegetables, and grains contain phytos-
terols. Numerous clinical studies have documented that phytos-
terols lower LDL-cholesterol levels and thereby reduce the risk
of cardiovascular disease. Most experts believe that the choles-
terol-lowering mechanism of phytosterols requires that they be
in their “free” form. In addition to their occurrence in the free
form, phytosterols also occur as four common phytosterol con-
jugates: (i) fatty acyl esters, (ii) hydroxycinnamate esters, (iii)
steryl glycosides, and (iv) fatty acylated steryl glycosides. This
study was undertaken to investigate the extent of hydrolysis of
four common phytosterol conjugates by mammalian digestive
enzymes (cholesterol esterase and pancreatin, a mixture of pan-
creatic enzymes) and for comparison purposes, by KOH. Two
types of purified hydroxycinnamate esters (sitostanyl ferulate
and oryzanol, a mixture of hydroxycinnamate esters purified
from rice bran oil) were hydrolyzed by cholesterol esterase and
by pancreatin. Both cholesterol esterase and pancreatin hy-
drolyzed the phytosteryl esters in two functional food matrices,
and they hydrolyzed the hydroxycinnamate esters in corn fiber
oil. This is the first report to demonstrate that phytostanyl feru-
late esters (which are present at levels of 3–6% in corn fiber oil)
are hydrolyzed by pancreatic cholesterol esterase. It is also the
first report that pancreatin contains enzymes that hydrolyze the
fatty acyl moiety of fatty acylated steryl glycoside, converting it
to steryl glycoside. Pancreatin had no effect on steryl glycosides.
The ability of pancreatin to hydrolyze three other types of lipid
conjugates was also evaluated. Phospholipids were completely
hydrolyzed. About half of the galactolipids were hydrolyzed,
and less than 10% of the polyamine conjugates were hy-
drolyzed. The extents of hydrolysis of phytosteryl esters by base
(saponification) were also studied, and conditions commonly
used for the saponification of acyl lipids (1.5 N methanolic
KOH, 30 min at 70°C), were found to result in a nearly 100%
hydrolysis of TAG but only about 35–45% hydrolysis of the phy-
tosteryl fatty acyl esters or phytosteryl hydroxycinnamate esters.

Paper no. L9531 in Lipids 39, 769–776 (August 2004).

In recent years there has been much interest in phytosterols
(plant sterols), mainly due to their ability to lower LDL-choles-
terol by 10–15%, when consumed at dosages of 1–3 g/d and at
still lower dosages in certain food matrices (1). In plants and in

plant-derived foods, phytosterols can occur either in the “free”
form (FS, with an OH group that is not bound), or as phytos-
terol conjugates: phytosterol fatty acyl esters (SE), hydroxycin-
namate phytosterol esters (HSE), acylated steryl glycosides
(ASG), and steryl glycosides (SG) (Fig. 1). FS, SE, ASG, and
SG are ubiquitous in plants, but HSE are usually found only in
cereals such as corn and rice. Very little is known about how
phytosterol conjugates are hydrolyzed and metabolized during
digestion. Two in vivo studies have demonstrated that SE are
hydrolyzed in the upper portion of the small intestine (2,3). One
in vitro study reported comparable rates of hydrolysis (23–34%)
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FIG. 1. Structures of some common phytosterol conjugates found in
foods. 



of various oleate esters of sterols (cholesterol, sitosterol, and
stigmasterol) using porcine pancreatic cholesterol esterase (4). 

One in vivo study demonstrated that oryzanol (an HSE from
rice bran oil) is hydrolyzed in the small intestine (5). Two re-
cent in vitro studies demonstrated that some HSE (orzyanols
comprising desmethyl phytosterols) were rapidly hydrolyzed
by pancreatic enzymes whereas others (oryzanol, mainly com-
prising dimethyl phytosterols such as cycloartenol) were ap-
parently hydrolyzed at much lower rates (6,7). 

We are not aware of any previous in vitro reports of the
ability of digestive enzymes to hydrolyze steryl glycosides or
phytostanyl ferulate esters, which are found at levels of 3–6%
in corn fiber oil (1). Some previous reports have provided evi-
dence that certain plant β-glucosidases could hydrolyze phy-
tosterol glycosides (8–12) whereas others (1,13), using more
highly purified preparations of β-glucosidase, have reported
that these enzyme preparations were not able to hydrolyze SG.

This study was undertaken to investigate the extents of in
vitro hydrolysis of several phytosterol conjugates (especially
the phytostanyl ferulate esters in corn fiber oil and steryl gly-
cosides), and other lipid conjugates (Fig. 2), using two com-
mercial mammalian digestive enzymes (bovine cholesterol
esterase and pancreatin, of which the latter is a common com-
mercial extract of the pancreas of hogs, containing cholesterol
esterase, lipase, amylase, trypsin, and other enzymes) and to
compare these enzymatic hydrolyses to those obtained via
saponification (alkaline hydrolysis). 

MATERIALS AND METHODS

Oryzanol was purchased from CTS Organics (Atlanta, GA).
Sitostanyl ferulate (~99%) was synthesized by the method of
Condo et al. (14). Take Control® and Benecol® were purchased
at a local supermarket. Lecithin Granules, 97% Soy Phos-
phatides (Vitamin Shoppe, North Bergen, NJ) were obtained
from a local vitamin store. Oat oil was purchased from BioSep-
arations (Los Angeles, CA). Corn fiber oil was prepared as pre-
viously described (15). An extract rich in polyamine conjugates
was prepared as previously described (16). All other reagents
were purchased from Sigma (St. Louis, MO). 

Lipids were added to the reaction mixture first by pipeting
a stock solution containing lipids dissolved in isopropanol.
Oryzanol and sitostanyl ferulate stock solutions were pre-
pared by dissolving the pure compounds in isopropanol at a
concentration of 0.005 M. Benecol, Take Control, and corn
fiber oil stock solutions were prepared at a concentration of
40 mg/mL. Lecithin, oat oil, and corn bran ethanol extract
stock solutions were prepared at a concentration of 10
mg/mL. Isopropanol was evaporated with a stream of nitro-
gen, and then the other reagents were added. All enzymatic
reactions (5 mL) contained 0.05 M Trizma buffer and pH 7.0,
0.020 taurocholate. Both enzymes (see next) were dissolved
in the above buffer at a concentration of 10 mg/mL. Pancre-
atin (2 mg, from porcine pancreas, Sigma P-7545) and cho-
lesterol esterase (1 mg, from bovine pancreas, Sigma C-3766)
were added to each 5-mL reaction mixture. Lipids were ex-
tracted by the method of Bligh and Dyer (17). 

Nonpolar lipids (including SE, HSE, TAG, and FFA) were
quantitatively analyzed by a normal-phase HPLC method
with ELSD (15). These analyses were performed on a Model
1050 Hewlett-Packard HPLC, with autosampler, and detec-
tion was by both Model 1050 HP diode-array UV-vis detector
(Agilent Technologies, Avondale, PA) and an MKII Alltech-
Varex Evaporative Light Scattering Detector (Alltech Associ-
ates, Deerfield, IL), operated at 40°C and a nitrogen gas flow
rate of 1.7 standard liters per minute. The column was a
LiChrosorb 7 µ DIOL column (3 × 100 mm, packed by
Chrompack, Raritan, NJ). The ternary gradient had a constant
flow rate of 0.5 mL/min, with Solvent A = hexane/acetic acid,
1000:1, Solvent B = hexane/isopropanol, 100:1. The gradient
timetable was as follows: at 0 min, 100:0 (%A/%B); at 8 min,
100:0; at 10 min, 75:25; at 40 min, 75:25; at 41 min, 100:0;
and at 60 min, 100:0. 

Polar lipids (including ASG, SG, glycolipids, phospho-
lipids, and polyamine conjugates) were quantitatively analyzed
by a similar HPLC-ELSD method (18), using a Model 1100
Hewlett-Packard HPLC, with autosampler, and detection by
both a Model 1100 HP diode-array UV-vis detector (Agilent
Technologies) and a Model 55 Sedex Evaporative Light Scat-
tering Detector (Richard Scientific, Novato, CA), operated at
40°C and a nitrogen gas pressure of 2 bar. The diol column and
flow rates were the same as above. The ternary gradient con-
sisted of Solvent A = hexane/acetic acid, 1000:1; Solvent B =
isopropanol; and Solvent C = water. Gradient timetable was as
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FIG. 2. The structures of some other common plant lipid conjugates
found in foods. 



follows: at 0 min, 90:10:0 (%A/%B/%C); at 30 min, 58:40:2;
at 40 min, 45:50:5; at 50 min 45:50:5; at 51 min, 50:50:0; at 52
min, 90:10:0; and at 60 min 90:10:0. The minimum limit of
quantitative detection with both HPLC methods was about 1
µg per injection. Mass vs. peak area calibration curves were
constructed for the range of 1–20 µg per injection. 

For enzymatic and saponification studies the extent of hy-
drolysis was calculated as the decrease in the levels of sub-
strate (phytosteryl conjugates or other lipids). All enzymatic
treatments were performed three times, twice with duplicate
samples and once with triplicate samples. The enzymatic re-
sults presented are the means of the triplicate sample experi-
ment ± SD. The saponification experiments were performed
twice, each time with duplicate samples, and the data pre-
sented are the means from one experiment. 

RESULTS AND DISCUSSION 

The first set of experiments focused on evaluating the extent
of enzymatic hydrolysis of phytosteryl and phytostanyl fatty
acyl esters in two purified phytosteryl conjugates (Table 1).
Our in vitro studies demonstrated that cholesterol esterase cat-
alyzed a moderate extent of hydrolysis of both HSE, about
55–85% hydrolysis of sitostanyl ferulate (a desmethyl stanyl
ester from corn) (Fig. 3), and about 35–55% hydrolysis of
oryzanol (a steryl ferulate ester mixture comprising both di-
methyl and desmethyl sterols from rice bran). Pancreatin cat-
alyzed the hydrolysis of about half of the sitostanyl ferulate

in 4 h, but none of the oryzanol (Table 1). We do not know
why cholesterol esterase catalyzed the hydrolysis of both
HSE (oryzanol and sitostanyl ferulate), whereas pancreatin
(which contains cholesterol esterase) only hydrolyzed
sitostanyl ferulate and not oryzanol. A possible explanation is
that the cholesterol esterase was bovine and the pancreatin
was porcine, and the amino acid sequences and substrate
specificities of the two cholesterol esterases could have been
different. Another possible explanation is that some of the
other enzymes (lipases, proteases, etc.) or nonenzymatic com-
ponents in pancreatin, or some of the products generated by
some of the other enzymes, may alter the specificity of its
cholesterol esterase. 

This is the first study of any kind that demonstrates phy-
tostanyl ferulate esters (which are present at levels of 3–6%
in corn fiber oil) are hydrolyzed by mammalian digestive en-
zymes. These in vitro data predict that the phytostanyl feru-
late esters in corn fiber oil potentially can be hydrolyzed and
the free stanols can potentially lower LDL-cholesterol in the
same manner as phytosteryl and phytostanyl fatty acyl esters.
The efficacy of the phytostanyl and phytosteryl fatty acyl es-
ters has been demonstrated in numerous clinical studies (1). 

Huang (6) used reversed-phase HPLC to separate the indi-
vidual molecular species in oryzanol, before and after incuba-
tion with cholesterol esterase, and presented qualitative data
(chromatograms) suggesting that the esters with desmethyl
phytosterols (sitosteryl and campesteryl ferulates) were hy-
drolyzed at a much faster rate than the esters of dimethyl phy-
tosterols (cycloartenyl and 24-methylcycloartenyl ferulates).
Miller et al. (7) performed similar incubations of individual
molecular species of oryzanol HSE and demonstrated that
desmethyl esters (sitosteryl and campesteryl ferulates) were
hydrolyzed by cholesterol esterase and dimethyl esters (cy-
cloartenyl and 24-methylcycloartenyl ferulates) were not. In
situ experiments indicated that 14C-γ-oryzanol was partially
hydrolyzed in the intestine during absorption (5). The lower
extents of in vitro hydrolysis of esters of dimethyl sterol-con-
taining esters in the current study (oryzanol) and in previous
in vitro studies may help to explain the lower in vivo choles-
terol-lowering efficacy of dimethylsterols reported by Trautwein
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TABLE 1
Hydrolysis of Nonpolar Phytosterol Conjugates (in purified samples)
by Digestive Enzymes

% Hydrolysisa

Phytosterol conjugate Enzyme 1 h 4 h

Sitostanyl ferulate Cholesterol esterase 55.4 ± 3.9 84.7 ± 3.8
Pancreatin NDb 47.3 ± 8.3

Oryzanol Cholesterol esterase 33.7 ± 4.3 56.3 ± 7.3
Pancreatin ND 0

aAll reported in all tables are the mean ± SD (n = 3).
bNot determined.

FIG. 3. HPLC chromatogram evaluating the hydrolysis of phytosterol hydroxycinnamate es-
ters. The substrate was pure sitostanol ferulate (0.15 mg ), the enzyme was cholesterol esterase
(1 mg), in 5 mL reaction mixture or buffer and taurocholate, which was incubated for 1 h at
37°C. Abbreviations: FS, free phytosterols; HSE, sitostanyl ferulate.

 



et al. (19). It should be noted that the previous two in vitro re-
ports did not include any phytostanyl esters, so our current re-
port is the first in vitro report of the hydrolysis of a phytostanyl
ferulate ester by mammalian digestive enzymes

Although these experiments demonstrated that mammalian
cholesterol esterase is able to hydrolyze HSE, it should also
be noted that in our previous report (20) the microbial cho-
lesterol esterase (in a commercial spectrophotometric choles-
terol test kit) was unable to hydrolyze sitostanyl ferulate. 

The second experiment investigated the extent of hydroly-
sis of several phytosteryl ester-containing functional foods
(Table 2). The phytosteryl and phytostanyl fatty acyl esters in
the two margarines were hydrolyzed to a similar extent at both
1 h (33–38%) and 4 h (44–46%) (Table 2). An interesting ob-
servation was that in addition to hydrolyzing the steryl esters,
the purified cholesterol esterase catalyzed the hydrolysis of al-
most all of the TAG in all three food matrices (Fig. 4). When
the phytosteryl esters in both spreads were incubated with pan-
creatin, a slightly lower extent of hydrolysis was observed
with the steryl esters in Take Control (about 36% hydrolysis),
and a much lower extent of hydrolysis was observed with
stanyl esters in Benecol (about 8% hydrolysis). When the cho-
lesterol esterase was used to hydrolyze corn fiber oil, its phy-
tosteryl fatty acyl esters (which constitute 4–6% of the oil)
were hydrolyzed to a low extent (9–10%) and its hydroxycin-
namate esters [predominantly sitostanyl ferulate according to

Norton (21)] were hydrolyzed to a moderate extent (27–57%).
When pancreatin was used to hydrolyze corn fiber oil, its phy-
tostanyl ferulate was hydrolyzed to a low extent (about 11%);
there was no apparent hydrolysis of its phytosteryl fatty acyl
esters. This lower rate of hydrolysis of the corn fiber oil HSE
than the rate of hydrolysis of pure sitostanyl ferulate (Table 1)
may be attributed to the fact that the former is a mixture of es-
ters that contains significant levels of campestanol and other
esterified phytostanols and phytosterols (21). The phytosteryl
fatty acyl esters in corn fiber oil were hydrolyzed to a lesser
extent than those in both margarines. A possible explanation
for the low extent of hydrolysis of phytosteryl fatty acyl esters
in corn fiber oil is that the presence of other components (wax
esters, squalene, and other hydrocarbons, which have reten-
tion times very close to that of phytosteryl fatty acyl esters),
may interfere with the accurate quantification of these esters.
Since the extent of hydrolysis was calculated as the disappear-
ance of substrate, the presence of these compounds could con-
tribute to the apparent lower extents of hydrolysis with corn
fiber oil. In the future we will test this hypothesis using an-
other HPLC system (reversed-phase or alumina) that better
separates these very nonpolar components. 

In a previous in vitro study, the rates of hydrolysis of sev-
eral molecular species of phytosteryl fatty acyl esters by
porcine pancreatic cholesterol esterase were shown to be sim-
ilar to the rates of hydrolysis of cholesteryl esters (4). The
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TABLE 2
Hydrolysis of Nonpolar Phytosterol Conjugates (in food matrices) by Digestive Enzymes

Concentration of Enzyme
conjugate in food matrix % Hydrolysis

Food matrix Phytosterol conjugate (wt% of total lipid) 1 h 4 h

Benecol® Phytostanyl FA esters ~10% Cholesterol esterasea 33.0 ± 2.8 44.6 ± 9.6
Pancreatin ND 8.0 ± 4.2

Take Control® Phytosteryl FA esters ~10% Cholesterol esterase 38.1 ± 2.4 46.0 ± 4.8
Pancreatin ND 35.6 ± 2.3

Corn fiber oil Phytosteryl FA esters ~6% Cholesterol esterase 9.6 ± 3.1 10.1 ± 5.4
Pancreatin ND 0

Phytostanyl ferulate ~4% Cholesterol esterase 26.7 ± 4.2 57.0 ± 1.1
Pancreatin ND 10.5 ± 4.4

aNote: With all three food matrices, the substrate also included TAG, and TAG were completely hydrolyzed in 4 h. ND, not determined.

FIG. 4. HPLC chromatogram evaluating the hydrolysis of phytosterol fatty acyl esters (SE). The sub-
strate was Take Control® (2 mg), the enzyme was cholesterol esterase (1 mg), in a 5-mL reaction
mixture of buffer and taurocholate, incubated for 1 h at 37°C. Abbreviation: FS, free phytosterols. 

 



current and previous in vitro results confirmed the in vivo re-
ports (2,3) that phytostanyl and phytosteryl fatty acyl esters
(SE) are hydrolyzed in the mammalian GI system. 

The next several experiments were performed to evaluate
the ability of pancreatin to hydrolyze phytosteryl glycosides
and other polar lipid conjugates. An HPLC system designed
to separate polar lipids was employed (Figs. 5,6) and the re-
sults are summarized in Table 3. 

Among the steryl glycoside conjugates, pancreatin was
found to hydrolyze the FA moiety from ASG, thus converting
it to SG (Table 3). However, with three different food matri-
ces (Table 3), the glycosidic bond in SG apparently was not
hydrolyzed by pancreatin (Fig. 5). It is not widely known that
“Soy Lecithin” or “Lecithin Granules” contain significant lev-
els of sterol glycosides. Also, it is unfortunate that the word
lecithin has two meanings: It is the common name for PC, and
it is the name for a food supplement that is an enriched frac-
tion of polar lipids, containing about 97% phosphatides. The
manufacturer claims that the fraction contains 3% “other
lipids;” our analytical data indicate that it contains about 3%
phytosterols (~2.7% acylated steryl glycoside and ~0.2%
steryl glycoside, Table 3). Oat oil and corn bran ethanol ex-
tract were evaluated as other food matrices that also contain
SG and that contain other lipid conjugates. Because the lev-
els of SG actually increased when all three food matrices
were incubated with pancreatin (presumably owing to the hy-
drolysis of ASG), we feel that it will be important to confirm
this observation (i.e., the inability of the enzyme to hydrolyze

SG) in the future by evaluating the ability of pancreatin to hy-
drolyze a purified preparation of SG. 

Weber (22) performed in vivo metabolic studies with rats.
His results indicated that [4-14C]sitosteryl β-D-glucosides
were hydrolyzed at a low rate in the intestines, but they were
not absorbed. In contrast, the current in vitro results indicate
that SG is not hydrolyzed by mammalian digestive enzymes. 

Although this is the first published in vitro report evaluat-
ing the potential hydrolysis of steryl glycosides by mammalian
digestive enzymes, others have reported that some early prepa-
rations of β-glucosidase from almonds were useful for the hy-
drolysis of SG (8–12). However, it has been reported that more
recent commercial preparations of almond β-glucosidase were
unable to hydrolyze SG (1,13). A possible explanation is that
there are multiple types of β-glucosidase in almond, and that
the type(s) that hydrolyze SG are not the type(s) that are en-
riched in modern commercial preparations. Recent evidence
suggests that one possible physiological role of steryl glyco-
sides is to serve as primers for cellulose synthesis (23). 

Among the other common plant lipid conjugates, pancre-
atin causes near-complete (>99%) hydrolysis of phospholipids
in Lecithin Granules (Fig. 5) and a partial (about 40%) hydrol-
ysis of digalactosydiacylglycerol (Fig. 6), a common plant
galactolipid, which is present at a level of 1–5% in oat oil. 

We recently reported (16) that the pericarp of corn kernels
contains high levels of two unusual polyamine conjugates,
diferuloylputrescine (DFP) and p-coumaroyl feruloylpu-
trescine (CFP) (structures shown in Fig. 2). When corn bran
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FIG. 5. HPLC chromatogram evaluating the hydrolysis of phytosterol glycosides (ASG and SG)
and phospholipids. The substrate was soy lecithin (2 mg) and the enzyme was pancreatin (2
mg) in 5 mL of a reaction mixture of buffer and taurocholate that was incubated for 6 h at
37°C. U, unknown; DGDG, digalactosyldiacyglycerol; for other abbreviations see Figure 1.



is extracted with hot ethanol, the extract contains about 10%
DFP and 2% CFP (16). When the potential hydrolysis of this
extract was evaluated, these two conjugates were hydrolyzed
to a slight extent (about 2% hydrolysis of DFP and about 8%
hydrolysis of CFP) (Table 3). In this HPLC system, the reten-
tion times for CFP and DFP were 24 and 25 min, respectively
(data not shown). 

Saponification (alkaline hydrolysis) of lipid extracts is a
routine procedure to hydrolyze the ester bonds before analyz-
ing the resulting FA or free phytosterols (Table 4). Christie

(24) cautioned that saponification of steryl esters requires
longer and more vigorous saponification than saponification
of common acylglycerol esters. Thompson and Merola (25)
reported that cholesteryl oleate was completely hydrolyzed in
8 min upon saponification with 0.5 N KOH in ethanol/pyro-
gallol (97:3) at 80°C. In the current study, 30 min was ade-
quate for the complete (>99%) hydrolysis of the TAG in the
two margarines, but it resulted in only about 35–65% hydrol-
ysis of the four phytosterol ester conjugates (Table 4). Saponi-
fication for 2 h resulted in about 96 and 86% hydrolysis of the
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TABLE 3
Hydrolysis of Phytosterol Conjugates (glycosides) and Other Polar Lipids (in food matrices) by Pancreatin

Phytosterol conjugate Concentration of
Food matrix (or other lipid) conjugate in food matrix % Hydrolysis at 6 h

Lecithin granules Acylated steryl glycoside, ASG ~2.7% 54.3 ± 0.6
Steryl glycoside, SG ~0.2% 0 (380% increase)
Phospholipids, PC ~97% >99

Oat oil Acylated steryl glycoside, ASG ~0.1 NQa

Steryl glycoside, SG ~0.2% 0 (22% increase)
Galactolipid, DGDG ~3% 39.7 ± 0.6
Phospholipids, PC ~2% >99

Corn bran ethanol extract Acylated steryl glycoside, ASG ~0.1% NQ
Steryl glycoside, SG ~0.1% 0 (80 % increase)a

Polyamines, DFP ~5% 1.8 ± 1.6
CFP ~1% 7.8 ± 4.1
Phospholipids, PC ~2% >99

aNQ, not quantified. In oat oil and corn bran ethanol extract, the ASG peak was masked by other peaks and could not be
accurately estimated. However, the increase in SG is evidence that ASG was present and it was hydrolyzed. DGDG, di-
galactosyldiacylglycerol; DFP, diferuloylputrescine; CFP, p-coumaroyl feruloylputrescine.

FIG. 6. HPLC chromatogram evaluating the hydrolysis of DGDG. The substrate was oat oil (2
mg) and the enzyme was pancreatin (2 mg) in 5 mL of a reaction mixture of buffer and tauro-
cholate that was incubated for 6 h at 37°C. For abbreviations see Figures 1 and 5. 

 



SE and HSE, respectively. Our results differ from those of
Thomson and Merola (25) and indicate that any analyses that
include alkaline hydrolysis of sterols should include methods
to verify complete hydrolysis. 

This report provides the first in vitro evidence that phy-
tostanyl ferulate esters (a major component in corn fiber oil)
are hydrolyzed by mammalian digestive enzymes. It is also
the first report that provides evidence that ASG are hy-
drolyzed to steryl glycosides by mammalian digestive en-
zymes. However, the glycosidic linkage in steryl glycosides
does not appear to be hydrolyzed by mammalian digestive en-
zymes. This study also reports the first in vitro data demon-
strating the extent of hydrolysis of phytostanyl fatty acyl es-
ters in food matrices by mammalian digestive enzymes. Be-
cause all plant-derived foods, including most functional
foods, and some supplements (e.g., Lecithin Granules) con-
tain steryl glycosides and most grains contain phytostanyl fer-
ulate esters, these new findings have implications in the fields
of food science, nutraceuticals, and pharmacology. It also
confirms several previous reports of the in vitro hydrolysis of
some phytosterol conjugates (phytosteryl fatty acyl esters,
oryzanol, and other phytosteryl-ferulates). Our results indi-
cate the bovine preparation of cholesterol esterase could be
useful for those interested in using it as a tool to hydrolyze
phytosteryl esters. On the other hand, the porcine pancreatin
preparation used in these studies provided reasonable and re-
peatable hydrolysis of ASG to SG (and hydrolysis of phos-
pholipids and galactolipids) but it appears to be less useful as
a tool for the hydrolysis of the phytosteryl esters. 
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ABSTRACT: In the present study, plant sterols were modified
to form amphiphiles by synthesizing phospholipid derivatives
from them so they could be formulated in different functional
foods and possibly improve their effects as therapeutic agents.
The new phosphatidyl derivatives, phosphatidyl-sitosterols,
were synthesized by the transfer reaction of a phosphatidyl
residue from PC to β-sitosterol by phospholipase D (PLD EC
3.1.4.4) from Streptomyces sp. in a biphasic medium.

Paper no. L9580 in Lipids 39, 777–782 (August 2004).

Cholesterol metabolism is important because it is related to
two diseases that affect millions of people: atherosclerosis
and gallstones. Cholesterol absorption and plasma cholesterol
are directly related in some individuals. Although many steps
in the absorption of cholesterol have been studied and drugs
have been developed that inhibit cholesterol absorption, inhi-
bition of cholesterol absorption by dietary plant sterols has
also received much attention because of their claimed effec-
tiveness in lowering plasma total and LDL cholesterol (1).
The cholesterol-lowering effect of plant sterols (phytosterols)
has been studied since the 1950s (2,3), but because of poor
solubility and bioavailability, doses of sitosterol as high as 25
g/d are required for efficacy. The crystalline nature and poor
solubility of free phytosterols also limit their application in
foods. Recently, technological developments have allowed
sterol and stanol esters to be incorporated successfully into
spreads and margarines (4,5). The spreads supplemented with
8–10% plant sterols lower serum total cholesterol and LDL
cholesterol by 8–13% (6,7). This is equivalent to the con-
sumption of 1.6–2.0 g of plant sterols per day. Because the
intakes of higher doses of plant sterol and stanol esters even-
tually increase the total fat intake, researchers are trying to
incorporate plant sterols and stanols into fat-free or low-fat
food systems (8). Low-fat yogurt enriched with plant sterol
esters lowers LDL cholesterol within 1 wk to the same extent
as do oil-based products (9). However, the intestinal bioavail-
ability of plant sterols is still a major concern. The actual
mechanism by which the plant sterols and stanols reduce cho-

lesterol absorption is not completely understood. Several mo-
lecular mechanisms of phytosterol action on the level of
serum cholesterol are believed to be of particular importance
(10). Recently, an in vitro study on the effect of plant sterols
on the solubilization of cholesterol by model dietary mixed
micelles demonstrated that plant sterols and stanols reduce
the concentration of cholesterol in dietary mixed micelles via
a dynamic competition mechanism (11). Earlier, it was also
reported that incorporation of phytosterols into the phospho-
lipid (PL) vesicles improves their cholesterol lowering effi-
cacy (12,13). Thus, it is desirable to develop biologically ac-
tive phytosterol preparations that will require lower doses of
phytosterols to have significant cholesterol-lowering effects
and that are capable of being added to a variety of foods. Ra-
maswamy et al. (14) showed that a hydrophilic phytosterol
composed of sitosterol- and campesterol-ascorbyl-phosphate
had 15-fold greater inhibition of cholesterol uptake by Caco-2
cells than did free sterols. Recently, an aqueous dispersible
sterol product was invented for beverage applications (15),
and orange juice fortified with these plant sterols was effec-
tive in reducing LDL cholesterol (16). In the present study,
an attempt has been made to produce amphiphilic sterols by
synthesizing phospholipid derivatives of phytosterols via an
enzymatic process catalyzed by phospholipase D.

EXPERIMENTAL PROCEDURES

Materials. Soybean PC (PC content not less than 94%) was do-
nated by Lipoid GmbH (Ludwigshafen, Germany). β-Sitosterol
(65% purity) was obtained from Fluka Chemie AG (Buchs,
Switzerland). The enzyme phospholipase D (PLD) from Strep-
tomyces sp. (PC phosphatidohydrolase, EC 3.1.4.4) was donated
by Ashahi Kasei Corporation (Tokyo, Japan). Activity of the en-
zyme was determined by the manufacturer as 305 U/mg. Sol-
vents (chloroform and methanol), the matrix (2,5-dihdroxyben-
zoic acid, DHB), and trifluoroacetic acid (TFA) were obtained
from Sigma Chemical Company (St. Louis, MO).

Transphosphatidylation reaction. The transphosphatidyl-
ation reaction between PC and β-sitosterol was carried out ac-
cording to reaction Scheme 1. In a typical reaction, 20 mg of
PL and 104 mg of β-sitosterol (1:10 mol PL/mol sterol) were
dissolved in 2 mL of chloroform (HPLC grade) and 100 µL
of 0.2 M sodium acetate buffer (pH 5.6) containing 40 mM of
CaCl2 and 20 U of PLD (EC 3.1.4.4) and incubated at 40°C
with stirring. Aliquots (50 µL) drawn from the reaction mixture
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at different time intervals were extracted with 100 µL of chlo-
roform/methanol (3:1, vol/vol) after adding 50 µL of 0.01 N
HCl. The lower organic layer was separated and further ex-
tracted with chloroform and analyzed by TLC. To confirm the
identity of the PC–sitosterol (PC-sterol) derivative, a similar
reaction was carried out between 1,2-dipalmitoyl-sn-glycero-
3-phosphorylcholine (DPPC, M.W. 734.1) obtained from Ma-
treya, Inc. (Pleasant Gap, PA) and β-sitosterol (M.W. 414.7).
Reaction aliquots collected in chloroform were analyzed by
matrix-assisted laser desorption and ionization time-of-flight
(MALDI-TOF) MS.

TLC analysis. Aliquots collected in chloroform were ap-
plied to TLC plates (silica gel 60 F254; E. Merck Co., Darm-
stadt, Germany). The plates were developed with chloro-
form/methanol/water (65:25:4, by vol). Eluted compounds
were detected by spraying them with 5% phosphomolybdic
acid in ethanol followed by heating. 

Time-course analysis for the synthesis of PC-sterol. FA
analysis of individual bands (PC, PC-sterol, and the PLD-hy-
drolysis product) on TLC plates was used to quantify the re-
action products with time. About 80 µL of aliquots collected
in chloroform was applied on 10 × 10 cm TLC plates and de-
veloped as just described. Individual bands were scraped
from the plates and FAME were prepared by adding 1.0 mL
of 0.25 M sodium methoxide in methanol/diethyl ether (1:1).
After incubation for 5 min in a water bath shaker at 45°C, 200
µL of hexane was added, followed by 3 mL of saturated NaCl
solution. After vortexing and centrifugation, the methyl es-
ters extracted in hexane were collected from the upper layer
and 1 µL of methyl esters with an internal standard (methyl
behenate, 22:0; Nu-Chek-Prep, Inc., Elysian, MN) was in-

jected into the gas chromatograph. A Varian Model 3400 GC
system equipped with a split injector, an FID, and a fused-sil-
ica capillary column (Supelco SP 2560, 100 m, 0.25 mm i.d.,
0.20 µm film; Supelco, Bellefonte, PA) was used for FAME
analysis. The initial column oven temperature was 150°C for
3 min and then raised to 210°C at 6°C/min and held for 15
min. The injector and detector temperatures were 250 and
300°C, respectively. Hydrogen was used as a carrier gas. The
amount of FA (mol) in each band was converted into reaction
products (mol) after dividing it by two. The conversion of PC-
sterol was calculated as mol% based on the relative amount
in the total phosphatidyl compounds.

Spectral analysis. To confirm product identities, mass spectra
were analyzed with a MALDI-TOF mass spectrometer (Voy-
ager; PerSeptive Biosystems, Framingham, MA) in a linear
mode. This system utilizes a pulsed nitrogen laser, emitting at
337 nm. The extraction voltage was set at 20 kV, and 100 single
laser “shots” were averaged for each mass spectrum. For analy-
sis, all samples were dissolved in a 0.5 M DHB matrix solution
in methanol containing 1% TFA. Samples in chloroform (10 µL
of aliquots) were premixed with the matrix (10 µL) and the sam-
ple/matrix mixtures (1.2 µL) were placed directly on the
MALDI-TOF sample plate. Samples were crystallized in air
without any flow before any spectra were acquired.

RESULTS AND DISCUSSION

As a model reaction for monitoring the catalytic activity of
PLD, a transphosphatidylation reaction between glycerol and
PC was carried out for 8 h according to the conditions mentioned
in the Experimental Procedures section (Scheme 2). Synthe-
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sis of phosphatidylglycerol (PG) was confirmed by TLC
analysis of the reaction mixture, and the PG standard was PG
obtained from Sigma (St. Louis, MO). Synthesized PG and
the PG standard had similar Rf values (Fig. 1). The conver-
sion of PC to PG was almost complete, as no spot was visible
at an Rf value similar to the PC standard. The enzymatic syn-
thesis of PG from PC by a transphosphatidylation reaction
catalyzed by PLD from Savoy cabbage has been reported (17).
Several preparative transphosphatidylation reactions between
phospholipids and nucleophile alcohols of complex structure
also have been reported (18,19). Because PLD catalyzes the
transphosphatidylation reaction between PC and an alcohol
group, we proposed that a similar reaction could be carried
out between PC and sterol (having a hydroxyl group) to syn-
thesize novel phospholipid–sterol conjugates. We first exam-
ined the reaction between natural PC and β-sitosterol cat-
alyzed by PLD (from Streptomyces sp.) for 24 h. Samples in
chloroform collected at different time intervals were placed
on TLC plates. A new spot having a lower Rf value than that
of sitosterol but higher than that of PC was observed by TLC
(Fig. 2). For structural analysis, a similar reaction was carried
out between DPPC and β-sitosterol for 72 h using reaction
conditions similar to those mentioned in the Experimental
Procedures section. The reaction products extracted in chlo-
roform were isolated by silica gel (Wacogel C-200) column
chromatography followed by TLC analysis (Fig. 3). Fractions
collected with chloroform were identified as sitosterol,
whereas fractions collected with chloroform/methanol (24:1,

vol/vol) had the same Rf value as unknown spots observed
by TLC analysis of the reaction mixture (Fig. 2). Fractions
collected with chloroform/methanol (85:15, vol/vol) were
identified as PC. Mass spectral analyses of all fractions col-
lected were carried out to confirm the structure of DPPC and
β-sitosterol and to identify the structure of the phospho-
lipid–sterol conjugate synthesized from DPPC and β-sitos-
terol. Mass spectral analysis of the fractions collected with
chloroform/methanol (24:1, vol/vol) confirmed the structure
of the DPPC–sterol conjugate. The MALDI-TOF mass spec-
trum of this fraction showed a [M − C2H6] ion at m/z 1013, a
[M − C3H8] ion at m/z 999, a [M − C4H12] ion at m/z 984, and
a [M − C7H17] ion at m/z 942 because of the side-chain frag-
mentation of sitosterol in the DPPC–sterol conjugate (Fig. 4).
The time-course analysis of the reaction mixture (Fig. 5) in-
dicated that the synthesis of PC-sterol reached a maximum at
12 h and then gradually decreased with time. In parallel with
the transphosphatidylation reaction, hydrolysis of PC and PC-
sterol was observed and increased with time after 12 h. The
amount of PC decreased with time, and the rate was much
slower after 24 h. 

The PC-sterol conjugates were synthesized by the reaction
of PC with sterol catalyzed by PLD from Streptomyces sp. in
a biphasic system of an organic solvent with an acetate buffer.
We observed from the TLC analysis that the Rf value of the
PC-sterol conjugate was lower than that of sitosterol; there-
fore, we can conclude that PC-sterol conjugates will have
higher polarity than sterols. As far as we know, such types of
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SCHEME 2 FIG. 1. TLC analysis of phospholipase D (PLD)-catalyzed transphos-
phatidylation of PC into phosphatidylglycerol (PG). Std, standard.



PC-sterol conjugates have not yet been described in the liter-
ature. There is a demand to improve the efficacy of phytos-
terols and stanols to reduce total serum cholesterol levels by
increasing their intestinal bioavailability, and more research
is needed in this area. Ostlund et al. (13) reported that
sitostanol administered in lecithin micelles reduced choles-
terol absorption by 36.7 ± 4.2% (mean ± SD) compared with

only 11.3 ± 7.4% when lecithin was not used. This result sug-
gests that naturally occurring phytosterols may significantly
affect cholesterol absorption, especially when added with PL.
Unlike the prior study (13), in which sitostanol was physi-
cally mixed with phospholipids in solvent and lyophilized, in
our present line of work we hypothesized that conjugating
phytosterols or stanols directly with PL will increase their
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FIG. 2. TLC analysis of PLD-catalyzed transphosphatidylation of PC into the PC–sitosterol con-
jugate. Comparison with a standard and PC and β-sitosterol in all reaction products with time.
The new unknown spots had Rf values higher than that of PC but lower than that of β-sitos-
terol. rxn, reaction; for other abbreviations see Figure 1.

FIG. 3. TLC analysis of fractions collected from reaction products of PLD-catalyzed transphosphatidylation of 1,2-
dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC) and β-sitosterol eluted from a silica gel column with gradient
solvent. For other abbreviations see Figures 1 and 2.



cholesterol-lowering efficacy even more. Studies to test this
hypothesis are required. Recently, Ramaswamy et al. (14)
synthesized a novel hydrophilic phytostanol phosphoryl
ascorbate (chemical conjugation of stanol and ascorbic acid
with a phosphodiester moiety) that has a 15-fold greater cho-
lesterol inhibition activity than do the free sterols. Because
commercially available phytosterols, phytostanols, and their
FA ester form are hydrophobic and limited to oil-based foods
such as margarine, more research in line with our present
study is needed to produce amphiphilic phytosterols with im-
proved food application and absorption characteristics. 
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ABSTRACT: Because of the positive health effects of phyto-
sterols, phytosterol-enriched foods and foods containing 
elevated levels of natural phytosterols are being developed.
Phytosterol contents in cereals are moderate, whereas their lev-
els in the outer layers of the kernels are higher. The phytosterols
in cereals are currently underutilized; thus, there is a need to
create or identify processing fractions that are enriched in
phytosterols. In this study, pearling of hulless barley and rye was 
investigated as a potential process to make fractions with higher
levels of phytosterols. The grains were pearled with a labora-
tory-scale pearler to produce pearling fines and pearled grains.
Lipids were extracted by accelerated solvent extraction, and
nonpolar lipids were analyzed by normal-phase HPLC with
ELSD and UV detection. Total sterol analyses were performed
by GC. After a 90-s pearling, the amounts of pearling fines from
hulless barley and rye were 14.6 and 20.1%, respectively, of
the original kernel weights. During pearling, higher levels of
phytosterols and other lipids were fractionated into the fines.
The contents of free sterols and sterols esterified with FA in the
fines were at least double those in the whole grains. Pearling
fines of hulless barley and rye contained >2 mg/g phytosterol
compounds, which makes them a good source of phytosterols
and thus valuable raw materials for health-promoting foods.

Paper no. L9521 in Lipids 39, 783–787 (August 2004).

Phytosterols are being studied extensively because of their
positive health effects. Research projects have focused on
their biological functions, safety, and chemical and physical
properties, as well as on attempts to develop new phytosterol-
enriched foods (1,2). As the result of a recent workshop on
sterols and stanols with 26 leading researchers as participants
(i.e., the Stresa Workshop), an extensive review was pub-
lished on the effects of using phytosterols and stanols to con-
trol serum cholesterol and the safety of phytosterol and stanol
enrichments in foods (3). The authors concluded that daily
consumption of 2 g of sterols or stanols decreases serum LDL
cholesterol levels by approximately 10%. 

Cereals are considered to be a good source of dietary
phytosterols. Although their levels in whole grains are mod-
erate (0.4–1.2 mg/g) (4,5), the total amount of phytosterols is
significant because of the large amounts of cereals consumed.
Phytosterols, like many other bioactive compounds (e.g., to-
copherols, tocotrienols, and folates), are unevenly distributed

in the kernels and are more concentrated in the outer layers
than in the starch-rich endosperm (6,7). During the milling of
some grains, pearling is a traditional way of gradually remov-
ing the hull, pericarp, and other outer layers of the kernels and
germ as pearling fines to produce pearled grains. It is the most
common technique used to fractionate barley (8). The abra-
sion of rye and barley to produce high-starch pearled grains
also has been used to improve fuel ethanol production (9,10).
There is a need to find new food uses for the pearling fines
and other possible low-starch by-products remaining after
separation of the high-starch pearled grain. The objective of
this study was to evaluate pearling as a potential process to
make fractions with higher levels of cereal phytosterols. The
cereals studied were hulless barley and rye.

MATERIALS AND METHODS

The grains used for pearling were a new winter hulless barley
variety, Doyce, released in 2003 by the Virginia Polytechnic
Institute and State University and grown in Virginia. The rye
variety, Flesynt, was from the North Florida Research and Ed-
ucation Center, Institute of Food and Agricultural Services,
University of Florida (Quincy, FL). Rye grains were also hul-
less. Both grains were harvested in the 2003 season, and the
moisture content of the grains ranged between 11 and 14%.

Grains were pearled with a laboratory-scale barley pearler
(30 grit carborundum stone, no. 7 mesh screen; Seedburo
Equipment Co., Chicago, IL). For each pearling experiment,
50 g of grains were pearled, producing a fraction of pearling
fines and a mixture of broken kernels and pearled grains. 

The grains were first pearled sequentially to learn how phyto-
sterols were localized in the kernels and to determine a relevant
time for the production of pearling fractions. Sequential pearling
consisted of five steps of 30 s each. After each pearling, fines
were separated from the broken kernels by passing them
through an 18-mesh sieve and collected as the product. Pearled
grains and broken kernels were combined and pearled again. To
obtain enough material, each pearling sequence was repeated
five times, and the five fractions of pearling fines were extracted
and analyzed separately. In the second experiment, the grains
were pearled for 90 s. Pearling fines and pearled grains from
three separate pearlings were combined and subjected to further
analysis. Each pearling experiment was performed in duplicate.

The grains and pearled grains were ground to 20 mesh in a
Wiley mill (Thomas Scientific, Swedesboro, NJ) before lipid
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extraction. The pearling fines were extracted without addi-
tional grinding. Lipids were extracted using a Dionex ASE
200 accelerated solvent extractor (ASE) (Sunnyvale, CA)
with 2.0-g sample sizes and 11-mL extraction vessels as
reported earlier (11). In this study, the extraction mixture
consisted of hexane and isopropanol (3:2, vol/vol) (12). The
extracts were used for gravimetric measurements of lipid ex-
tracts and nonpolar lipid analyses by HPLC (13). The extracts
were dried under nitrogen at ≤40°C and weighed for total ex-
tractable lipids. The extracts were redissolved in hexane for
nonpolar lipid analysis and filtered through 0.2-µm polyvinyli-
dene fluoride filters (Acrodisc LC 13; Pall Gelman Labora-
tory, Ann Arbor, MI) when needed. Each grain sample was
extracted in triplicate. In each extraction batch, whole-grain
rye flour (Hodgson Mill Inc., Effingham, IL) was included as
an in-house reference sample to monitor the extraction proce-
dure. Extraction efficacy was also verified by spiking the
same flour with stigmasterol (95%; Sigma Chemical Co., St.
Louis, MO) and calculating its recovery.

Nonpolar lipids were analyzed by normal-phase HPLC
with LiChrosorb DIOL (5 µm, 3 × 100 mm) columns
(Chrompack, Raritan, NJ) using instruments and running
conditions as presented by Moreau et al. (13) except that the
gradient was slightly modified. The linear gradient elution
consisted of three steps followed by a 20-min stabilization pe-
riod. In step 1 (0–8 min), the eluent consisted of 100% sol-
vent A (hexane with 0.1% acetic acid); in step 2 (8–10 min),
the proportion of solvent B (hexane with 1% isopropanol)
was increased to 25%; and in step 3 (10–40 min), the eluent
consisted of 75% solvent A and 25% solvent B. The flow rate
was 0.5 mL/min. All lipids were detected using ELSD (All-
tech-Varex Mark III; Alltech Assoc., Deerfield, IL) except for
phytosterols esterified with ferulic acid, which were detected
using UV at 280 nm. An external standard method was used
for quantification (13). Performance of the nonpolar lipid
HPLC was checked daily using corn fiber oil (13). The reten-
tion times of nonpolar lipid classes remained stable during

the study and were 1.8 min for sterols esterified with FA (St-
FA), 4.5 min for TAG, 9.2–10.6 min for FFA, 21.2 min for
free stanols, 22.0 min for free sterols, and 26.6 min for sterols
esterified with ferulic acid (St-Fer). All three lipid extracts for
each sample were analyzed for nonpolar lipids.

Total phytosterols of the grains and pearling fines were an-
alyzed by GC using FID after acid and alkaline hydrolysis (5).
Pearling fractions were also analyzed for moisture and ash
using AACC official methods AACC 44-15A and AACC
08-01 (14), respectively. Nonpolar lipid and total phytosterol
results are presented as means and SD derived from three sub-
samples, and moisture and ash are given as means derived
from two subsamples.

RESULTS AND DISCUSSION

Evaluation of the lipid analysis method. Reproducibility of
the lipid extraction method was examined by analyzing non-
polar lipids of whole-grain rye flour at least once in each ex-
traction batch during the study (N = 23). The contents of
TAG, St-FA, stanols, sterols, and St-Fer were 3.65 ± 0.18,
0.74 ± 0.03, 0.06 ± 0.01, 0.20 ± 0.01, and 0.06 ± 0.01 mg/g,
respectively. Recovery of spiked stigmasterol from the flour
was 98% (N = 6). Detector responses of the nonpolar lipid
analysis remained stable; the contents of TAG, St-FA, and St-
Fer of corn fiber oil were 656 ± 22 mg/g (N = 29), 44.7 ± 2.9
mg/g (N = 59), and 44.9 ± 2.0 mg/g (N = 59), respectively.

Sequential pearling. When hulless barley and rye were
pearled sequentially, the pearling fine yields were approxi-
mately 7 and 5%, respectively, from each 30-s pearling step.
Barley grains contained free sterols and St-FA (Fig. 1). The
total amount of sterol compounds in the whole barley grains
was 0.70 mg/g. The highest level, 2.8 mg/g, was obtained in
the fines from the first pearling step. The total sterol content of
the fines decreased with each pearling step. Even the fifth fines
had 2.2 times the amount of sterol compounds as the whole
grains. The pearled barley grains still contained 65 and 80% of
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FIG. 1. Distribution of nonpolar sterol classes in hulless barley and its products from five 30-s sequential pearling steps. Values are given as means
of two replicate experiments. St-FA, sterols esterified with FA; St, free sterols and stanols.



the free sterol and St-FA levels found in the whole grains. Non-
polar lipid profiles showed that free sterols were more concen-
trated in the outer layers of the kernels than were St-FA. 

Rye grains contained free sterols, free stanols, St-FA, and
St-Fer (Fig. 2). The total amount of sterol compounds in the
whole grains was 1.1 mg/g. Phytosterols were concentrated
in the pearling fines. All pearling fines contained ≥1.9 mg/g
sterol compounds, with the highest level being found in the
second pearling fines. After five steps, the pearled rye grains
still contained 63 and 61% of the free sterol and St-FA levels
found in the whole grains. 

The levels of sterol compounds decreased more in hulless
barley than in rye when comparing the inner layers of the ker-
nels to the outer ones (Figs. 1, 2). In both cereals, the sterol
levels were at least twice as concentrated in fines after the
third pearling step than the whole grains. Thus, one 90-s
pearling was chosen for further experiments to produce
pearling fines with high phytosterol and lipid contents at a
reasonable extraction rate. 

Products from a 90-s pearling. The yields and composi-
tion of pearling fines and pearled grains from two replicate
pearling experiments of each grain were similar (Table 1).
The amounts of pearling fines of hulless barley and rye were
14.6 and 20.1% of the whole grains, and the percentages of
extractable lipids in the products were 7.08 and 5.08%, re-
spectively. Extractable lipid contents of the products were
comparable with those in earlier studies (15,16). Since the
yield of pearling fines from hulless barley was lower than that
from rye, the pearling fines of barley contained proportion-
ally more lipid-rich outer layers of the kernels than those of
rye, and the lipid content of the pearling fines of barley was
higher. Similarly, the ash contents showed that the pearling
fines of barley were enriched in ash in the outer layers, be-
cause the ash content was 2.2 times higher than that of the
whole grain, whereas in rye the ratio was 1.6. 

Whole grains of hulless barley and rye contained 1.1%
TAG and 0.1% FFA, two major lipid classes, and contributed

>60% of the extractable lipids (Tables 1–3). After these
lipids, the amounts of St-FA and free sterols were greatest. It
should be remembered that, in addition to the nonpolar lipid
classes, the lipid extracts also contained some polar lipids and
nonlipid compounds that co-extracted under ASE conditions.

The pearling fines of hulless barley were rich in lipids. The
sum of TAG and FFA accounted for 5.4% of the mass of fines.
The contents of phytosterol compounds were also clearly
greater in the fines than in the whole grains: 1.18 and 0.43 mg/g
for St-FA, and 0.96 and 0.25 mg/g for free sterols, respectively.
During the pearling of rye, the phytosterol compounds were
fractionated into fines and pearled grains in a ratio similar to
that of hulless barley. In the rye pearling fines, the level of St-
FA, 1.34 mg/g, was double that of the whole grains, and the
levels of free sterols increased almost threefold to 0.93 mg/g. 

Although St-Fer were the least abundant sterol class in
whole-grain rye, 0.07 mg/g, their presence is important, be-
cause they are considered to be potent antioxidants and are
present in a number of cereals, e.g., corn, rice, wheat, and rye
(17–20). St-Fer levels in the pearling fines were only slightly
higher than those in the whole and pearled grains, which does
not support earlier findings that the ferulates are concentrated
in the outer and especially in the aleurone layer of the kernels
(19,20). The small differences in St-Fer levels might be partly
due to their overall low level in the extracts and the analytical
uncertainty derived from that. In the sequential pearling ex-
periments, however, St-Fer in the fines were clearly greater
than in the pearled grains. St-Fer were not found in any barley
products, which is in accordance with earlier studies (19). 

After a 90-s pearling step, the pearled barley and rye
grains still contained phytosterol compounds at levels of 0.5
and 0.8 mg/g, respectively, which means that even the
pearled grains have an important impact on our natural di-
etary phytosterol intake. If phytosterols were isolated for the
enrichment of their levels in regular foods, the pearling fines
from hulless barley or rye would be a better source of phyto-
sterols than the whole grains. 
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FIG. 2. Distribution of nonpolar sterol classes in rye and its products from five 30-s sequential pearling steps. Values are given as means of two
replicate experiments. St-Fer, sterols esterified with ferulic acid; for other abbreviations, see Figure 1.



The phytosterol contents obtained from the nonpolar lipid
analyses were consistent with the total phytosterol analysis re-
sults obtained by GC. When sterol contents present in free
sterols, St-FA, and St-Fer were calculated, most of the total
phytosterols in barley and rye grains could be attributed to
these classes. A small proportion of total phytosterols in the

grains (35% in barley and 5% in rye) could thus occur as glyco-
sides and acylated glycosides. Steryl glycosides may contribute
to ca. 20% of total phytosterols in whole-grain wheat flour (21). 

Three phytosterols, namely, sitosterol, campesterol, and
stigmasterol, were the major sterols in barley and rye (Table 4),
which is in accordance with earlier studies (4,5). Up to 18% of
total sterols in rye consisted of saturated phytosterols, sitostanol,
and campestanol. The amount of stanols in barley was lower
than that in rye, which was also shown by the nonpolar lipid
analysis. Phytosterol profiles of the pearling fines were compa-
rable with those of the whole grains. In barley, the amounts of
stanols in the fines were greater than those in the grains. 

Potential food uses of pearling fines. Pearling fines are
usually considered by-products of the milling and/or pearling
industry, with the high-starch fractions as the main products.
However, the by-products contain higher levels of many valu-
able bioactive compounds (e.g., vitamins and minerals, and
dietary fiber) than the refined products. This study showed that
the pearling fines of hulless barley and rye contained >2 mg/g
phytosterol compounds, which makes them a reliable and in-
expensive source of phytosterols. Recent studies have shown
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TABLE 1
Characterization of Two Replicate 90-s Pearlings (A and B) of Hulless
Barley and Ryea

Sample Yield (%) Extractable lipids (%) Ash (%) Moisture (%)

Whole-grain 
barley 100 1.95 ± 0.07 1.8 12.4
Pearling fines, A 14.5 7.04 ± 0.10 4.0 10.7
Pearling fines, B 14.6 7.12 ± 0.06 3.9 10.7
Pearled grains, A 85.5 1.46 ± 0.06 1.4 12.2
Pearled grains, B 85.7 1.44 ± 0.02 1.4 12.3

Whole-grain rye 100 1.84 ± 0.04 2.1 10.6
Pearling fines, A 19.8 5.11 ± 0.05 3.4 9.4
Pearling fines, B 20.5 5.05 ± 0.01 3.4 9.4
Pearled grains, A 77.4 1.14 ± 0.02 1.7 10.7
Pearled grains, B 76.7 1.15 ± 0.02 1.7 10.3

aData are mean ± SD (N = 3) or mean (N = 2).

TABLE 2
Nonpolar Lipids of Hulless Barley and Its Products After 90-s Pearlinga

Lipid contents (mg/g)

Sample TAG FFA St-FA Stanols Sterols St-Fer 

Whole grains 11.4 ± 0.2 1.00 ± 0.03 0.43 ± 0.01 +b 0.25 ± 0.00 NDc

Pearling fines, A 50.4 ± 1.2 3.08 ± 0.04 1.16 ± 0.02 + 0.94 ± 0.01 ND
Pearling fines, B 50.8 ± 1.0 3.17 ± 0.08 1.19 ± 0.01 + 0.99 ± 0.03 ND
Pearled grains, A 7.35 ± 0.5 0.81 ± 0.02 0.34 ± 0.01 + 0.20 ± 0.01 ND
Pearled grains, B 7.1 ± 0.2 0.80 ± 0.01 0.33 ± 0.00 + 0.20 ± 0.00 ND

aA and B refer to replicate pearling experiments. Data are mean ± SD (N = 3).
b+, present at <0.05 mg/g.
cND, not detected.

TABLE 3
Nonpolar Lipids of Rye and Its Products After 90-s Pearlinga

Lipid contents, (mg/g)

Sample TAG FFA St-FA Stanols Sterols St-Fer 

Whole grains 11.1 ± 0.2 1.09 ± 0.02 0.62 ± 0.02 0.09 ± 0.00 0.33 ± 0.00 0.07 ± 0.01
Pearling fines, A 34.0 ± 0.7 1.87 ± 0.04 1.33 ± 0.06 +b 0.92 ± 0.01 0.07 ± 0.01
Pearling fines, B 34.4 ± 0.3 1.94 ± 0.05 1.34 ± 0.01 + 0.94 ± 0.01 0.08 ± 0.02
Pearled grains, A 4.75 ± 0.1 1.04 ± 0.02 0.45 ± 0.02 0.06 ± 0.00 0.20 ± 0.00 0.07 ± 0.00
Pearled grains, B 4.7 ± 0.2 1.06 ± 0.03 0.45 ± 0.00 0.06 ± 0.00 0.20 ± 0.00 0.06 ± 0.00

aA and B refer to replicate pearling experiments. Data are mean ± SD (N = 3).
b+, present at <0.05 mg/g.

TABLE 4
Total Phytosterol Compositions of Whole Grains and 90-s Pearling Fines of Hulless Barley and Ryea

Total sterol contents, (µg/g)

Sample Campesterol Campestanol Sitosterol Sitostanol Stigmasterol Minor sterolsb Total phytosterols

Whole-grain barley 181 ± 2 11 ± 0 476 ± 1 5 ± 0 39 ± 0 86 ± 1 797 ± 4
Pearling fines, A 391 ± 8 40 ± 0 925 ± 20 26 ± 0 120 ± 1 221 ± 9 1732 ± 38
Pearling fines, B 397 ± 5 40 ± 0 934 ± 10 25 ± 0 121 ± 1 227 ± 1 1744 ± 14

Whole-grain rye 133 ± 1 68 ± 1 452 ± 4 94 ± 1 29 ± 1 111 ± 1 886 ± 7
Pearled fines, A 297 ± 3 100 ± 2 795 ± 9 122 ± 2 74 ± 1 199 ± 3 1587 ± 19
Pearled fines, B 300 ± 6 105 ± 3 804 ± 12 126 ± 2 73 ± 1 212 ± 11 1620 ± 33

aA and B refer to replicate pearling experiments. Data are mean ± SD (N = 3).
bMinor sterols include, e.g., ∆5- and ∆7-avenasterols, ∆7-stigmastenol, and stigmastadienol.
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that the phytosterol levels present in natural foods might also
contribute to lowering cholesterol absorption (22,23). It also
has been suggested that when phytosterols are combined with
other bioactive compounds, they may have a greater impact
on health. Moreover the LDL-lowering effect of phytosterols
might be enhanced by other cholesterol-lowering compounds
such as soluble fiber, guar gum, and soy protein (24), which
may make the pearling fines valuable raw materials for health-
promoting foods. More research is needed to understand the
interactions between phytosterols and dietary fibers, and to de-
velop processes to enable the efficient utilization of the milling
industry by-products to yield improved food applications. 

In addition to possible food uses of barley pearling fines, a
new type of edible oil also could be obtained by the extraction
of barley pearling fines. (Pearling fines contain about 4.5 times
as much oil as whole grains.) From the data on pearling fines,
we estimate that a “barley pearling fine oil” contains about 3%
total phytosterols, which is several-fold higher than the levels
of phytosterols in typical commercial vegetable oils. Since
Ostlund et al. (25) demonstrated that the endogenous phyto-
sterols in refined corn oil had a significant cholesterol-lowering
effect, it is reasonable to assume that an oil from barley fines
may have similar health-promoting properties.
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ABSTRACT: Tocopherols are purified industrially from soy-
bean oil deodorizer distillate by a process comprising distilla-
tion and ethanol fractionation. The waste material after ethanol
fractionation (TC waste) contains 75% sterols, but a purification
process has not yet been developed. We thus attempted to pu-
rify sterols by a process including a lipase-catalyzed reaction.
Candida rugosa lipase efficiently esterified sterols in TC waste
with oleic acid (OA). After studying several factors affecting es-
terification, the reaction conditions were determined as follows:
ratio of TC waste/OA, 1:2 (wt/wt); water content, 30%; amount
of lipase, 120 U/g-reaction mixture; temperature, 40°C. Under
these conditions, the degree of esterification reached 82.7%
after 24 h. FA steryl esters (steryl esters) in the oil layer were pu-
rified successfully by short-path distillation (purity, 94.9%; re-
covery, 73.1%). When sterols in TC waste were esterified with
FFA originating from olive, soybean, rapeseed, safflower, sun-
flower, and linseed oils, the FA compositions of the steryl esters
differed somewhat from those of the original oils: The content
of saturated FA was lower and that of unsaturated FA was
higher. The m.p. of the steryl esters synthesized (21.7–36.5°C)
were remarkably low compared with those of the steryl esters
purified from high-b.p. soybean oil deodorizer distillate sub-
stances (56.5°C; JAOCS 80, 341–346, 2003). The low-m.p.
steryl esters were soluble in rapeseed oil even at a final concen-
tration of 10%. 

Paper no. L9523 in Lipids 39, 789–794 (August 2004).

The cholesterol-lowering effect of phytosterols (referred to as
sterols), which has been studied since the 1950s (1–5), is be-
lieved to be caused by an inhibition of cholesterol absorption
resulting from the higher solubility of sterols than of choles-
terol in bile salt micelles (4,5). FA steryl esters (referred to as
steryl esters) show the same physiological effects as free
sterols (6–8). This physiological activity has led to the devel-
opment of several functional foods, such as salad oils with
added sterols and margarines blended with steryl esters. The
solubility of steryl esters in vegetable oil is extremely high
compared with that of free sterols; thus, considerable atten-
tion is being focused on the addition of steryl esters to oil-

based foods. Vegetable oil deodorizer distillate (VODD),
which is produced in the final deodorization step of vegetable
oil refining, contains mainly FFA, tocopherols, sterols, steryl
esters, and unknown hydrocarbons. One industrial process for
the purification of tocopherols in VODD consists of short-
path distillation and ethanol fractionation (9). Short-path dis-
tillation results in tocopherol concentrate, which contains to-
copherols, sterols, and unknown hydrocarbons, but not FFA
and steryl esters. The sterols and hydrocarbons are precipi-
tated by adding 5 vol parts of ethanol to the tocopherol con-
centrate and then cooling the mixture to 0°C with agitation
(9). The filtrate is the tocopherol fraction, and the precipitate
is an industrial waste (referred to as TC waste), although
about 75% sterols are included. Recovery of sterols in the TC
waste by distillation is difficult because TC waste contains
contaminants (tocopherols and unknown hydrocarbons)
whose M.W. are similar to those of sterols. However, rela-
tively easy purification of sterols can be expected if only the
sterols are converted to their FA esters by a selective reaction
using a lipase. 

That sterols can be converted to their FA esters by lipase-
catalyzed esterification or transesterification is well known
(10–13). Moreover, we recently reported that treatment of
VODD using Candida rugosa lipase converts only the sterols
to steryl esters (14,15), and that an enzymatic reaction is use-
ful for the purification of tocopherols and for the recovery of
sterols as steryl esters. This finding was also supported by
Weber et al. (16). An enzymatic reaction was therefore intro-
duced to recover the sterols in TC waste. This paper shows
that a process comprising a lipase-catalyzed reaction and dis-
tillation is effective for the purification of sterols in TC waste
as steryl esters. In addition, this process is applicable to low-
m.p. steryl esters, which are desired for their applications in
oil-based foods. 

MATERIALS AND METHODS

Materials. TC waste was obtained from Yashiro Co. Ltd.
(Osaka, Japan). Ethanol in the TC waste (ca. 50%) was evap-
orated under reduced pressure before beginning the enzy-
matic reactions. The ethanol-free waste (TC waste) was com-
posed of 74.7 wt% sterols, 7.0 wt% tocopherols, 1.2 wt%
steryl esters, and 17.1 wt% unknown hydrocarbons. The com-
position of sterols was 2.6 wt% brassicasterol, 27.4 wt%
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campesterol, 27.5 wt% stigmasterol, and 42.5 wt% β-sitos-
terol. The FA composition of a commercial product, oleic
acid (OA; Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan), was
1.0 wt% palmitic acid (PA), 1.2 wt% stearic acid (SA), 92.7
wt% OA, 4.8 wt% linoleic acid (LnA), and 0.3 wt% α-
linolenic acid (ALA). Olive oil was purchased from Wako
Pure Chemical Industry Ltd. (Osaka, Japan), and soybean,
rapeseed, and linseed oils were obtained from Yashiro. Saf-
flower and high-oleic sunflower oils were purchased from
Showa Sangyo Co. Ltd. (Tokyo, Japan). The FA compositions
of these oils are shown in the Results section. 

Lipases. Geotrichum candidum lipase was prepared ac-
cording to Tsujisaka et al. (17). The cells were cultivated at
27°C for 24 h in a medium containing 5% corn steep liquor,
1% soybean oil, and 0.5% NH4NO3 (pH 6.0). The enzyme so-
lution was prepared by ammonium sulfate fractionation, fol-
lowed by dialysis against deionized water. The other lipases
were obtained from the following companies: Lipases from
C. rugosa (Lipase-OF), Alcaligenes sp. (Lipase-QLM), Burk-
holderia cepacia (Lipase-SL), and Pseudomonas stutzeri (Li-
pase-TL) were from Meito Sangyo Co. Ltd. (Aichi, Japan);
lipases from C. rugosa (Lipase-AY) and Pseudomonas sp.
(Lipases-PS and -AK) were from Amano Enzyme Inc. (Aichi,
Japan); Rhizopus oryzae lipase was from Tanabe Seiyaku Co.
Ltd. (Osaka, Japan); Thermomyces lanuginosa lipase was
from Novozymes (Bagsvaerd, Denmark); Burkholderia
glumae lipase was from Asahi Chemical Industry Co. Ltd.
(Tokyo, Japan). Lipase activity was measured by titrating the
FA liberated from olive oil with 50 mM of KOH as described
previously (18). In brief, the hydrolysis of olive oil was con-
ducted at 40°C with stirring at 500 rpm. One unit (U) of li-
pase activity was defined as the amount that liberated 1 µmol
of FA per minute. 

Preparation of FFA originating from vegetable oils. A
mixture of 50 g of vegetable oil, 200 mL of ethanol, 20 mL
of water, and 15 g of NaOH was heated at 60°C for 30 min
with stirring in a 1-L round-bottomed flask overlain with ni-
trogen gas. After the reaction, 200 mL of water was added to
the mixture, and its pH was adjusted to 2 with concentrated
HCl. FFA were extracted three times with 200 mL of n-
hexane, and the solvent was removed by evaporation. 

Reactions. A small-scale reaction was performed in a 50-
mL vessel. A standard reaction mixture containing 1.17 g of
TC waste, 2.33 g of FFA (3.9 mol for sterols in the TC waste),
1.5 g of water, and 120 U/g-mixture of lipase was stirred at
30°C and 500 rpm for 20 h. A large-scale reaction was con-
ducted at 40°C for 24 h in a 5-L reactor (MDL-500; Marubishi
Bioengineering Co. Ltd., Tokyo, Japan) containing 333 g of TC
waste, 667 g of OA, 430 g of water, and 171,600 U of C. ru-
gosa lipase (120 U/g-mixture) with agitation at 250 rpm. The
degree of esterification was expressed as the mol% of steryl es-
ters based on the total content of sterols and steryl esters. 

Purification of steryl esters. Small-scale purification of
steryl esters was performed by a combination of n-hexane ex-
traction and silica gel column chromatography as described
previously (19). Large-scale purification was carried out by

short-path distillation. In brief, the reaction mixture was al-
lowed to stand at 90°C, and the resulting oil layer was dehy-
drated at 80°C and 5 mm Hg for 30 min with blowing nitro-
gen gas (water content, <100 ppm). The oil layer was applied
to a distillation apparatus (Wiprene type 2-03; Kobelco Eco-
Solutions Co. Ltd., Kobe, Japan) and was distilled stepwise
as follows: step 1, at 180°C and 0.2 mm Hg; step 2, at 200°C
and 0.2 mm Hg; step 3, at 240°C and 0.05 mm Hg. 

Analyses. Contents of FFA, sterols, and steryl esters were
analyzed with a Shimadzu GC-18A gas chromatograph
(Kyoto, Japan) connected to a DB-1ht capillary column (0.25
mm × 5 m; J&W Scientific, Folsom, CA). The column tem-
perature was raised from 120 to 280°C at 15°C/min and from
280 to 370°C at 10°C/min, and was then maintained for 1
min. The injector and detector temperatures were set at 370
and 390°C, respectively. 

The FA composition was analyzed by GC after methyla-
tion. In brief, FFA (0.08 g) were methylated in 3 mL of
methanol containing 0.45% boron trifluoride (Wako) by heat-
ing at 75°C for 5 min, and FA in the steryl esters (0.08 g) were
converted to their methyl esters in 3 mL of methanol contain-
ing 5.8% Na-methylate (Wako) by heating at 75°C for 30
min. The FAME were analyzed by a gas chromatograph
(model 5890; Hewlett-Packard, Avondale, PA) connected to a
DB-23 capillary column (0.25 mm × 30 m; J&W Scientific).
The column temperature was raised from 150 to 170°C at
4°C/min, from 170 to 190°C at 5°C/min, and from 190 to
215°C at 10°C/min, and was then maintained for 6 min. The
injector and detector temperatures were set at 245 and 250°C,
respectively. 

The tocopherol contents were determined with a Hewlett-
Packard 5890 gas chromatograph connected to a DB-5 capil-
lary column (0.25 mm × 10 m; J&W Scientific) using tri-
caproin (Tokyo Kasei Kogyo, Tokyo, Japan) as an internal
standard. The column temperature was raised from 190 to
290°C at 10°C/min and from 290 to 320°C at 5°C/min, and
was then maintained for 1 min. The injector and detector tem-
peratures were set at 250 and 330°C, respectively. 

All analyses were conducted three to five times under the
same experimental conditions. The relative SD were less than
±8.5% for the average value of <1%, less than ±2.9% for the
value of 1–3%, less than ±2.3% for 3–10%, and less than
±1.5% for >10%. 

The m.p. of steryl esters were determined according to the
AOCS standard open tube melting point (slip melting point)
method (20). The m.p. were measured three times, and the SD
were less than ±0.5°C. 

RESULTS AND DISCUSSION

Selection of lipase for the esterification of sterols in TC waste.
To find a suitable lipase for selective esterification, a 5-g mix-
ture of TC waste/OA (1:2, wt/wt), 30% water, and 250 U/g-
mixture of lipase was stirred at 30°C for 20 h (Table 1).
Among the lipases tested, C. rugosa lipases (Lipases-OF and 
-AY) were the most effective for the conversion of sterols to
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steryl esters, and the degree of esterification reached
82.3–83.2%. In addition, reactions with these two lipases cat-
alyzed only the esterification of sterols with OA. Based on this
screening test, Lipase-OF was selected for subsequent studies. 

Factors affecting the esterification of sterols. The effect of
temperature on the esterification of sterols in TC waste was
first studied. A 5-g mixture of TC waste/OA (1:2, wt/wt),
30% water, and 250 U/g-mixture of C. rugosa lipase was
stirred at various temperatures (20–60°C) for 3, 7, and 20 h.
The degree of esterification at 3 h increased with an increase
in the reaction temperature and reached a maximum (57.2%)
at 50°C, showing that the optimal temperature was around
50°C. The degree of esterification in the equilibrium state at
50°C was 79.6% and was slightly lower than that at 40°C (es-
terification, 82.7%); thus, the reaction temperature was fixed
at 40°C in the following reactions. 

The effect of the amount of lipase was next studied. A 5-g
mixture of TC waste/OA (1:2, wt/wt), 30% water, and differ-
ent amounts of C. rugosa lipase was stirred at 40°C. The de-
gree of esterification after 20 h did not increase, even though
more than 120 U/g-mixture of lipase was used (data not
shown). 

To study the effect of the amount of OA on esterification,
sterols in the TC waste were esterified at 40°C with 0.33–5
weight parts of OA for TC waste using 120 U/g-mixture of
C. rugosa lipase (Fig. 1). The degree of esterification after 3 h
showed that the reaction was accelerated with an increasing
amount of OA. The degree of esterification after 20 and 40 h
depended on the ratio of TC waste/OA and reached an almost
constant value (83.2–83.5%) at the ratio of 1:2 (wt/wt). 

The effect of water content on esterification was finally
studied. The reaction was conducted at 40°C for 3, 7, and 20 h
in a 5.0-g mixture of TC waste/OA (1:2, wt/wt), various

amounts of water, and 120 U/g-mixture of lipase (Fig. 2). The
degree of esterification after 20 h was almost the same
(81.0–83.3%) when the reactions were conducted in the pres-
ence of 5–65% water. The degree of esterification at 3 h was
the highest in reactions including 20–40% water. 

Time course of the esterification of sterols in TC waste.
Based on the results described previously, the reaction condi-
tions were determined as follows: temperature, 40°C; amount
of lipase, 120 U/g-reaction mixture; ratio of TC waste/OA,
1:2 (wt/wt); water content, 30%. Figure 3 shows a typical
time course under these conditions. The reaction proceeded
rapidly during the first 10 h and gradually thereafter, and the
decrease in sterols and FFA correlated with the increase in steryl
esters. The degree of esterification reached 82.7% at 24 h, and
the contents of sterols and steryl esters were 4.3 and 35.4
wt%, respectively. 

Large-scale purification of steryl esters. The purification
of steryl esters from TC waste is summarized in Table 2. A
mixture of 1.0 kg of TC waste/OA (1:2, wt/wt) was agitated
at 40°C for 24 h with 120 U/g-mixture of C. rugosa lipase in
the presence of 30% water. The reaction mixture separated
into oil and water layers, and the oil layer was dehydrated.
The resulting oil layer (942 g) contained 52.2 wt% FFA, 4.5
wt% sterols, and 34.3 wt% steryl esters (esterification,
82.3%). FFA in the oil layer were removed by two-step distil-
lation at 180°C/0.2 mm Hg and 200°C/0.2 mm Hg. The first
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TABLE 1
Esterification of Sterols from Waste Material After the Purification 
of Tocopherols Using Various Lipasesa

Content (wt%)

Lipase FFA Sterol Steryl ester Esterification (%)

Noneb 65.7 25.3 0.4 —
Candida rugosac 52.5 4.2 34.2 83.2
Candida rugosad 52.7 4.4 33.8 82.3
Geotrichum candidum 60.3 17.0 13.9 32.4
Rhizopus oryzae 65.2 25.2 0.7 0.3
Thermomyces lanuginosa 65.1 24.7 1.2 2.4
Alcaligenes sp. 64.9 24.1 2.5 4.7
Burkholderia glumae 60.3 17.4 13.4 31.2
Burkholderia cepacia 59.0 15.5 16.4 38.3
Pseudomonas sp.e 64.9 24.2 2.2 4.3
Pseudomonas sp.f 65.3 24.8 1.0 2.0
Pseudomonas stutzeri 61.0 18.8 10.9 25.3
aA mixture of 1.17 g of waste material after purification of tocopherols (TC
waste), 2.33 g of oleic acid (OA), and 1.50 g of water was stirred at 30°C for
20 h with a 250 U/g-mixture of lipase. 
bComposition in a mixture of TC waste/OA (1:2, wt/wt).
cLipase-OF (Meito Sangyo Co. Ltd., Aichi, Japan).
dLipase-AY (Amano Enzyme Inc., Aichi, Japan).
eLipase-PS (Amano Enzyme Inc.).
fLipase-AK (Amano Enzyme Inc.).

FIG. 1. Effect of oleic acid (OA) content on esterification of sterols in
waste material after the purification of tocopherols (TC waste) using
Candida rugosa lipase. A 5.0-g mixture composed of TC waste, various
amounts of OA, 1.5 g of water, and a 120 U/g-mixture of lipase was
stirred at 40°C for 3, 7, 20, and 40 h. After separating the reaction mix-
ture into an oil and a water layer, the contents of sterols and steryl es-
ters in the oil layer were analyzed. The degree of esterification was ex-
pressed as the mol% of steryl esters based on the total content of sterols
and steryl esters. l, 3 h; nn, 7 h; s, 20 h; ll, 40 h. 

                                                                       



distillation step removed 47.4% FFA, and the second re-
moved 44.3% FFA. Steryl esters were not detected in distil-
lates 1 and 2. Residue 2 (448 g) contained 8.9 wt% FFA, 8.5
wt% sterols, 4.1 wt% tocopherols, and 71.0 wt% steryl esters.
To remove the remaining FFA, sterols, and tocopherols,
residue 2 was then distilled at 240°C and 0.05 mm Hg, and

was fractionated into 128 g of distillate 3 and 314 g of residue 3.
Residue 3 contained only small amounts of FFA (0.7 wt%)
and sterols (1.3 wt%), and the purity of the steryl esters was
94.9%. Sterols in the TC waste were recovered as steryl es-
ters in 73.1% yield for the initial contents. These results
showed that a process comprising lipase treatment and short-
path distillation is effective for the recovery of sterols in TC
waste.

Esterification of sterols in TC waste with FFA originating
from several vegetable oils. Sterols in TC waste were esteri-
fied at 40°C for 20 h with 2 weight parts of FFA originating
from several vegetable oils in a 5-g mixture containing 30%
water and 120 U/g-mixture of C. rugosa lipase (Table 3). The
degree of esterification in all reactions was 81.5 to 83.2%.
Steryl esters were purified from the reaction mixture by n-
hexane extraction, followed by silica gel column chromatog-
raphy. The composition of sterols in the purified steryl esters
was almost the same as that of sterols in the TC waste, but the
FA composition was slightly different (Table 3). The contents
of PA and SA in the steryl esters were lower than those in the
original FFA, and the contents of ALA and LnA were higher.
These results can be explained by the FA specificity of C. ru-
gosa lipase, which was in the order of ALA > LnA > OA >
PA > SA (15,21). 

The steryl esters purified previously from high-b.p. soy-
bean oil deodorizer distillate substances (19) were solid at
room temperature (slip melting point, 56.5°C), and they did
not dissolve completely when mixed with 9 weight parts of
rapeseed oil at 25°C. These results were attributed to the high
content of saturated FA (PA, 16.5 wt%; SA, 3.8 wt%). In con-
trast, the contents of PA and SA in the steryl esters synthe-
sized with FFA originating from vegetable oils (PA, 3.3–8.0
wt%; SA, 0.7–1.9 wt%) were lower than those of the steryl
esters purified from soybean oil deodorizer distillate, and
their m.p. were 21.7–36.5°C (Table 3). These results suggest
that the m.p. of steryl esters are correlated with the saturated
FA contents. The total contents of PA and SA in the steryl es-
ters esterified with FFA from sunflower and linseed oils were
similar (4.7–4.6 wt%), but the m.p. of steryl esters esterified
with FFA from linseed oil (21.7°C) were lower than those es-
terified with FFA from sunflower oil (25.2°C). The low m.p.
could be explained by the high content of ALA, which has a
m.p. lower than that of OA. 

The steryl esters synthesized with FFA originating from
rapeseed, safflower, sunflower, and linseed oils (m.p.,
21.7–27.4°C) dissolved completely in 9 weight parts of rape-
seed oil at 25°C, and no precipitation occurred even after the
mixture was kept at 15°C for 24 h. The low-m.p. steryl esters
prepared in this study could be used as additives in oil-based
foods. 

Esterification of sterols in TC waste using TAG. Finally,
we attempted the esterification of sterols using TAG. A mix-
ture of 1.17 g of TC waste, 2.33 g of olive oil, and 1.50 g of
water was stirred at 40°C with 120 U/g-mixture of C. rugosa
lipase (Fig. 4). The TAG hydrolyzed rapidly, and the TAG
content decreased to <0.4 wt% at 3 h. After FFA had accumu-
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FIG. 2. Effect of water content on the esterification of sterols in TC waste
using C. rugosa lipase. A 5.0-g mixture composed of TC waste/OA (1:2,
wt/wt) and various amounts of water was stirred at 40°C for 3, 7, and
20 h with a 120 U/g-mixture of lipase. l, 3 h; nn, 7 h; s, 20 h. See Fig-
ure 1 for abbreviations. 

FIG. 3. Time course of the esterification of sterols in TC waste and OA
using C. rugosa lipase. A mixture of 1.17 g of TC waste, 2.33 g of OA,
and 1.50 g of water was stirred at 40°C with a 120 U/g-mixture of C.
rugosa lipase. l, Steryl esters; ll, sterols; nn, FFA. See Figure 1 for ab-
breviations.

                                      



lated by the hydrolysis of TAG, sterols were esterified using
the FFA. The time course for the conversion of sterols to
steryl esters in the reaction with TC waste and olive oil was
quite similar to that in the reaction with TC waste and OA
(Figs. 3, 4), and the degree of esterification reached 83.7%
after 24 h. The reaction mixture in the equilibrium state con-
tained only 0.4 wt% MAG, 0.4 wt% DAG, and 0.3 wt% TAG.
These results suggest that sterols are converted to steryl es-
ters mainly by their esterification with FFA generated by the
hydrolysis of TAG and are slightly converted by their trans-
esterification with TAG. 

Features of a process comprising an enzymatic reaction
and distillation. Tocopherols have been purified industrially
from VODD by a combination of chemical methylation, dis-
tillation, methanol (ethanol) fractionation, and ion-exchange

chromatography. Sterols have been highly purified from by-
products after the recovery of tocopherols by fractionation
with a solvent mixture whose main component is n-hexane,
although the yield is low (ca. 50%). Steryl esters with unsatu-
rated FA (whose solubility in TAG is high) can be synthesized
by lipase-catalyzed esterification and transesterification
(10–13), but the synthesis of high-purity steryl esters requires
high-purity sterols as a starting material. In this study, sterols
in a by-product generated from the purification of tocopherols
were converted to the desired steryl esters by a selective reac-
tion, and the resulting steryl esters were highly purified by
short-path distillation in good yield because the M.W. of the
steryl esters was the highest among those of components in
the reaction mixture: The conversion served as one process in
the purification of sterols (steryl esters). The new process es-

RECOVERY OF STEROLS FROM WASTE MATERIALS 793

Lipids, Vol. 39, no. 8 (2004)

TABLE 2
Purification of Steryl Esters from TC Waste 

Weight (g)

Step Total FFA Sterol Steryl ester Tocopherol Other

Enzymatic reactiona

Before 1000 667 248 4 23 58
After 942 492 42 323 23 62

Distillation
Distillate 1b 249 233 1 NDe 1 14
Distillate 2c 240 218 3 ND 3 16
Distillate 3d 128 37 33 18 17 23
Residue 3d 314 2 4 298 1 9

aA mixture of 333 g of TC waste, 667 g of OA, 430 g of water, and 171,600 U of C. rugosa lipase
was agitated at 40°C for 24 h. After the reaction, the resulting oil layer was recovered. 
bDistilled at 180°C and 0.2 mm Hg. 
cDistilled at 200°C and 0.2 mm Hg. 
dDistilled at 240°C and 0.05 mm Hg. 
eND, not detected (<0.5 g). See Table 1 for other abbreviations. 

TABLE 3
Enzymatic Esterification of Sterols in TC Waste with FFA Originating from Various
Vegetable Oils Using C. rugosa Lipasea

FA composition (wt%) 

Origin of FFA Esterification (%) 16:0 18:0 18:1 18:2 18:3 m.p.b (°C)

Olive
Before — 8.9 3.6 78.6 8.1 0.8
After 82.6 7.9 1.5 80.6 9.0 1.0 36.5

Soybean
Before — 10.8 4.9 23.9 53.4 7.0
After 83.2 8.0 1.9 21.6 60.2 8.3 34.4

Rapeseed
Before — 4.5 2.1 62.5 21.1 9.8
After 82.0 3.4 0.7 64.0 21.6 10.3 24.5

Safflower
Before — 7.2 2.7 15.8 73.7 0.6
After 82.5 5.1 0.9 14.9 78.4 0.7 27.4

Sunflower
Before — 3.8 4.1 81.8 9.2 1.1
After 83.0 3.3 1.4 83.9 10.1 1.3 25.2

Linseed
Before — 6.0 3.6 21.2 16.8 52.4
After 81.5 3.5 1.1 13.4 15.8 66.2 21.7

aA mixture of 1.17 g of TC waste, 2.33 g of FFA, 1.5 g of water, and 600 U of C. rugosa lipase was
agitated at 40°C for 20 h. 
bSlip melting point of steryl esters. See Table 1 for abbreviations.

                                               



tablished in this study may contribute to the production of
value-added steryl esters in response to requests from the oil
and fat industry. 
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FIG. 4. Time course of the esterification of sterols in TC waste and olive
oil using C. rugosa lipase. A mixture of 1.17 g of TC waste, 2.33 g of
olive oil, and 1.50 g of water was stirred at 40°C with a 120 U/g-mix-
ture of C. rugosa lipase. l, Steryl esters; ll, sterols; nn, FFA; u, TAG.
See Figure 1 for abbreviations. 

                                                                                    



ABSTRACT: Saponins are complex compounds that are com-
posed of a saccharide attached to a steroid or triterpene. They
are natural surfactants, or detergents. Several important biologi-
cal effects have been ascribed to saponins. They have been iso-
lated from a great number of terrestrial plants. In the animal
kingdom they are found in most sea cucumbers and starfish,
whereas they are found only rarely in alcyonarians, gorgonians,
sponges, and as shark-repelling compounds in fish. The present
review deals with the isolation and some syntheses of the shark-
repelling saponins mosesins-1 to -5 and pavoninins-1 to -6 ob-
tained from the fish species Pardachirus.

Paper no. L9562 in Lipids 39, 795–799 (August 2004).

Saponins are complex compounds that are composed of a sac-
charide attached to a steroid or triterpene. They are natural
surfactants, or detergents. Upon shaking with water, they
form colloidal solutions, giving soapy lathers. A wide range
of biological effects have been ascribed to saponins, such as
membrane-permeabilizing, immunostimmulant, hypocholes-
terolemic, and anticancer properties (1,2). They can also kill
protozoa and mollusks, be used as antioxidants, cause hypo-
glycemia, and act as antifungal and antiviral agents (1,2).
They have been isolated from a great number of terrestrial
plants and are most abundant in the desert plants yucca and
quillaja. Saponins are uncommon constitutents among mem-
bers of the animal kingdom. They are found in nearly all sea
cucumbers and starfish, whereas they are rare in alcyonarians,
in gorgonians sponges, and as shark-repelling compounds in
fish (3). The present review deals with the isolation and some
syntheses of shark-repelling saponins obtained from fish.

Ichthyocrinotoxic fish secrete biologically active com-
pounds that repel their predators. In 1974 the Moses sole Par-
dachirus marmoratus, which lives in the Red Sea and the
western Indian Ocean, was reported to emit a toxic secretion
when it was about to be bitten (4). The structures of the shark-
repelling compounds were shown to be the five steroidal
saponins called mosesins-1 to -5 (1–5) (5). The mosesins have
the β-bond of C-1 of the monosaccharide galactose attached
at the 7α position of the (25)-3,7α,26-trihydroxycholestane
26-acetate skeleton with varying substitution and oxidation at

C-3,4,5,6,12α and -15α on the steroid (1–5), as shown in Fig-
ure 1.

The synthesis of mosesin-4 (4) is outlined in Scheme 1 (6).
Cholic acid (6a) was used as the starting material since it has
the hydroxy groups 3α, 7α, and 12α together with a cis-A,B
ring junction. To synthesize 4, the 26-hydroxy cholesterol
side chain and the sugar need to be attached. The side
chain was synthesized by photochemical decarboxylation/
iodination of the cholic ester 6b to yield the iodide 7a.
Conversion of the iodide 7a to the alcohol 7b followed by
oxidation gave the aldehyde 8. Wittig reaction of 8 with
the appropriately substituted benzyl ether gave a mixture of
23E and Z isomers, 9. The acetates were hydrolyzed, and the
more reactive C-3α alcohol was protected as its ethyl carbon-
ate 10. The sugar was attached by reacting the steroidal diol
10 with β-galactose peracetate, using trimethylsilyl triflate as
a promotor in 1,2-dichloroethane to yield the glycoside 11a
in 40% yield. To selectively introduce the C-26 acetate, the
acetates in 11a were hydrolyzed and replaced with silyl
ethers, 12. Catalytic reduction simultaneously reduced the
double bond in the side chain and cleaved the benzyl ether.
Acetylation at C-26 followed by cleaving the silyl ethers with
hydrogen fluoride afforded mosesin-4 (4). 

In 1984, six shark-repelling saponins, pavoninin-1 to -6
(13–18), were isolated from a related species of fish, 
P. pavoninus, living in the tropical regions of the western
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Pacific and eastern Indian Oceans (7,8). The pavoninins
have the β-bond of C-1 of N-acetylglucosamine attached at
7α or 15α to a (25R)-26-hydroxy- or -26-acetoxycholestane
skeleton with varying oxidation at C-3,4,5,6, and -7
(13–18), as shown in Figure 2.

The first synthesis of the aglycones of pavoninin-1 and -2
(28 and 27, respectively), which contain 7α hydroxylation,
was reported in 1997 and is outlined in Scheme 2 (9). 26-
Hydroxycholesterol 21 was chosen as the starting material
since it had been previously prepared by Clemmensen reduc-
tion of diosgenin 19 followed by C-16 deoxygenation of the

resulting 3α,16β,26-triol 20 (10). Selective silylation of 21 at
C-26 followed by Oppenauer oxidation of the C-3 alcohol in
22 and acetylation of the desilylated C-26 alcohol afforded the
enone acetate 23. The C-7α alcohol was prepared by lithium
aluminum hydride (LAH) reduction of the C-6α epoxide 25.
The epoxide 25 was made by meta-chloroperoxybenzoic acid
oxidation of the 4,6-dien-3-one 24, itself obtained by 2,3-
dichloro-5,6-dicycano-1,4-benzoquinone oxidation of the
enone 23. The aglycone of pavoninin-2, 27, was prepared by
treatment of the triol 26 with manganese dioxide. Selective
acetylation of 27 afforded the aglycone of pavoninin-1, 28.
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SCHEME 1. Synthesis of mosesin-4 (4) from cholic acid (6a).



In the same year (1997), the first total synthesis of the
saponin pavoninin-1 (13) was reported (11) and is outlined in
Scheme 3. The synthesis of the aglycone started with com-
mercially available chenodeoxycholic acid 29 being suitably
oxidized at C-3 and C-7α. The side chain was elongated
following the method used for mosesin-4, with some modifi-
cations. The aldehyde 30 was synthesized from the interme-

diate iodide by oxidation with DMSO and collidine. Wittig
addition generated the Z-olefin 31. Reductive cleavage of the
acetates in 31 with LAH furnished a diol that was selectively
protected at C-3. Catalytic hydrogenation simultaneously re-
duced the olefin and hydrogenolyzed the benzyl ether to yield
the 7α,26-diol 32. Reprotection of the C-26 alcohol as a
methyl carbonate afforded the 7α alcohol 33. Glycosylation
of the hindered C-7α alcohol in 33 using a glycosyl sulfoxide
gave the saponin 34. Treatment with hydrogen fluoride liber-
ated the C-3 alcohol, which was oxidized to the ketone with
pyridinium dichromate and protected as its dimethoxy ether,
35. Reduction of the azide group in 35 and removal of the
methoxycarbonyl group with LAH followed by acetylation
afforded the saponin 36. The benzyl protecting groups on
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FIG. 2. Pavoninins 1–6 (13–18).

SCHEME 3. Synthesis of pavoninin-1 (13).

SCHEME 2. Synthesis of the aglycones of pavoninin-1 and -2 (28 and 27).



the sugar were removed by catalytic reduction to yield 37.
Hydrolysis of the ketal gave the dihydropavoninin-1 38.
Treatment of 38 with phenyl selenyl chloride followed by
hydrogen peroxide oxidation afforded pavoninin-1 (13) via
the intermediate phenyl selenide 39.

To test the structural requirements for biological activity,
the analog 45 was synthesized as outlined in Scheme 4 (11).
In this structure the C-3 and C-7 functionalities have been re-
versed. The synthesis of 45 started with catalytic reduction of
the Z-olefin 31 prior to deacetylation and proceeded with si-
multaneous hydrogenolysis of the benzyl ether to yield the
hydroxy diacetate 40. Reprotection of the C-26 alcohol as its
tert-butyldiphenylsilyl ether and selective hydrolysis of the
C-3 acetate gave the 3α alcohol 41. Glycosylation of 41 gave
the glycoside 42. LAH reduction and acetylation gave the
saponin 43. Oxidation of the C-7 alcohol and desilylation at
C-26 followed by acetylation gave the acetate 44. Hy-
drogenolysis of the benzyl ethers by catalytic reduction gave
the structural analog 45.

The ichthyotoxicity of pavoninin-1 13, the structural ana-
log 45, and the dihydropavoninin-1 intermediate 38 have
been compared previously (11). The results showed that
dihydropavoninin-1, 38, was lethal to Japanese killifish at
twice the concentration of pavoninin-1 13, showing it is less
toxic. By contrast, twice the concentration of 45 was nontoxic
to killifish. Thus, it appears that the saponins that are struc-
turally unique, i.e., having the glycoside orthogonal to the
steroid skeleton, have ichthyotoxicity activity. The structural
analog 45, which parallels the usual saponin structure, has
significantly less or no ichthyotoxicity activity.

Pavoninins-3 to -6 (15–18) all have the sugar attached at
C-15α on a cholesterol skeleton (7,8). A logical starting ma-
terial for the synthesis of the C-15α pavoninins, as outlined
in Scheme 5, is the commercially available diosgenin,
19,which has functionality in positions suitable for conver-

sion to the C-15α pavoninins. Recent modification of the
Clemmensen reduction with the removal of mercury has 
resulted in a significant improvement in the yield of
3β,16β,26-triol, 20 (12). Dehydration of the 3,26-diprotected-
16β-alcohol 46, via a syn elimination of the 16β acetate 47,
afforded the C-15 olefin 48. Chemo- and regioselective hy-
droxylation from the less hindered α face should yield the de-
sired C-15α alcohol 49. However, attempts to hydroxylate 48
regioselectively using substituted alkyl boranes were unsuc-
cessful, as there was no reaction. When diborane followed by
basic hydrogen peroxide oxidation was used, a mixture of 
C-15α and C-16α hydroxy steroids, 49 and 50, was formed
in the ratio of 1:2, with the undesired C-16α hydroxy steroid
50 as the major component.

Another approach for the synthesis of the aglycone of 26-
O-deacetyl pavonin-5, 57, is outlined in Scheme 6 (13,14).
The initial plan was to oxidize the C-16 alcohol in 46 to a ke-
tone, introduce the C-15α hydroxyl, and then remove the ke-
tone. Swern oxidation of 3,26-bissilyl ether 46 gave the C-15
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SCHEME 4. Synthesis of a structural analog of pavoninin-1 (45).

SCHEME 5. Hydroboration–oxidation of 3,26-disilyoxycholesta-5,15-
diene (48).

SCHEME 6. Synthesis of 26-O-deacetyl pavoninin-5 aglycone (57).



ketone 51. Because of the difficulty of direct hydroxylation
of 51, the ketone was hydroxylated through its silyl enol
ether. The silyl enol ether, 52, was synthesized by adding
lithium hexamethyldisilazane to the solution of 51 and
trimethylsilyl chloride, followed by triethylamine, then
quenching the reaction with saturated NaHCO3. The silyl enol
ether, 52, was not purified because it is sensitive to silica gel.
Oxidation of 52 with dimethyldioxirane, followed by decom-
position of the unstable intermediate C-15α,16α-epoxide
under mildly acidic conditions, afforded the C-15α-hydroxy
ketone 53.

The next step was the deoxygenation of the 16-ketone.
However, all methods used to deoxygenate the α-hydroxy ke-
tone using Raney nickel on the dithioketal or Wolff–Kishner
reduction failed. To remove the ketone, the carbonyl was re-
duced to a hydroxyl group, followed by deoxygenation using
Barton’s reaction. Since both C-15 and C-16 would be hy-
droxyl groups, a different protecting group for the hydroxyl
group in the 15α-position was used. Protection of the C-15α
alcohol in 53 with methoxyethoxymethyl chloride (MEMCl)
gave the MEMCl ether 54. Reduction of the C-16 ketone in
54 using sodium borohydride gave 55, a mixture of epimeric
alcohols at C-16. Deoxygenation of the alcohols, 55, via the
xanthate using the Barton reaction yielded the MEMCl ether,
56. Treatment of the MEMCl ether, 56, using dry zinc bro-
mide in dry methylene chloride cleaved the MEMCl group as
well as the tert-butyldimethylsilyl groups to yield the target
26-O-deacetyl pavoninin-5 aglycone, 57.

There were 53 unprovoked shark attacks in the United
States in 2000, with approximately a third being fatal. If
one could develop a compound with shark-repelling prop-
erties, when applied appropriately, the risk of shark attacks
could be greatly reduced. Fish belonging to the species
Pardachirus are known to excrete saponins that have
shark-repelling properties. These natural saponins, i.e.,
mosesins 1–5 (1–5) and pavoninins-1 to -6 (13–18), could
act as lead compounds for the synthesis of more effective
shark repellents. From the results thus far, two conclusions
can be drawn: (i) Saponins with shark-repelling properties
appear to have the saccharide toward the middle of the
steroid and orthogonal to its axis. (ii) The monosaccharide
can be varied, since both galactose and N-acetylglucosamine
are both shark repellents when attached to the C-7α of 
(25R)-26-cholesterol. Because glucose is the most abun-
dant, most widespread, and least expensive monosaccha-
ride, the question is, does glucose work? That is to say,
would a 7α glycoside of (25R)-26-hydroxycholesterol be a
shark repellent? It is an obvious target for synthesis.
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ABSTRACT: Steroids bearing ketone functionality at carbon-7
are found commonly in nature, and the most prevalent of these
are the 7-keto-∆5-sterols. These substances have diverse biolog-
ical properties and are present in biological samples and food
products. For the purpose of studying this class of oxysterols,
many chemical methods, involving the chemical oxidation of
∆5-sterols to the corresponding 7-keto-∆5-sterol derivatives have
been developed to produce these compounds. We have under-
taken a review and evaluation of chemical methods for the syn-
thesis of these compounds and have endeavored to enhance
one of these procedures to yield products for chemical and bio-
logical investigations.

Paper no. L9537 in Lipids 39, 801–804 (August 2004).

Some of the most frequently encountered oxysterols are those
with a ketone function at carbon-7. The major portion of these
is the 7-keto-∆5-sterols, which originate from the oxidation
of ∆5-sterols. These compounds, which are found in animal
tissues, food products (1,2), and certain folk medicines (3–6),
are significant inhibitors of HMG-CoA reductase (7,8), sterol
synthesis (7,9), and cell replication (10–12).

The chemical synthesis of 7-keto-∆5-sterols relies on the
allylic oxidation of carbon-7 of ∆5-sterols. We have studied a
number of different synthetic methods and procedures and re-
view our findings here.

In many chemical and biological studies, 7-keto-∆5-sterols
containing the 3β-hydroxyl group are the desired compounds.
During the chemical (allylic) oxidation of the corresponding ∆5-
sterols, the 3β-hydroxyl group must be protected, usually as the
acetate or benzoate ester (13,14), to avoid oxidation of the C-3
hydroxyl group to a ketone. The benzoate derivative is usually
preferred owing to its superior crystallinity (i.e., ease of crystal
formation leading to higher yields) when purified by recrystal-
lization. Figure 1A demonstrates the reaction paths of oxidation
that occur when the 3β-hydroxyl is not protected (15–19).

The most common methods of allylic oxidation of ∆5-
sterols are those that rely on the use of chromium(VI)
reagents. Early or “classical” methods of oxidation used
chromium trioxide (CrO3) (20–23) or sodium chromate
(24–26) and t-butyl chromate (27,28) in acetic acid; these af-
forded only limited success and produced the 7-keto com-
pounds in modest yields. For example, the allylic oxidation
of cholesteryl benzoate with sodium chromate in acetic
acid/acetic anhydride gave 7-ketocholesteryl benzoate in an

optimal yield of 38% (29). Figure 1B demonstrates the reac-
tion that occurs when the 3β-hydroxyl group is protected.

Synthetically useful changes in the properties and reactiv-
ity of chromium(VI) reagents have been brought about by the
formation of amine complexes. The Collins reagent is formed
by the complexation of chromium trioxide with pyridine
(30,31). With this reagent, the allylic oxidation of cholesteryl
benzoate gave a 68% yield of 7-ketocholesteryl benzoate (32),
and in a related study, using anhydrous conditions, cholesteryl
acetate was oxidized to 7-ketocholesteryl acetate in 72% yield
(33). Similar complexes have been formed using chromium
trioxide and pyrazole (34), 3,5-dimethylpyrazole (29), and
benzotriazole (35) and have been shown to oxidize choles-
teryl benzoate to 7-ketocholesteryl benzoate in 70–76%
yields. These reactions require the preparation of the reagent
complex before each reaction.

Commercially available pyridinium chlorochromate
(PCC) has been widely used in organic synthesis for the oxi-
dation of primary and secondary alcohols to carbonyl com-
pounds (36). This reagent, in methylene chloride containing
pyridine (37), other aromatic amines (38), pyrazole (39), 3,5-
dimethylpyrazole (40), and benzotriazole (35), was reported
to effect the selective oxidation of the allylic hydroxyl func-
tion of a number of steroidal alcohols. At room temperature,
PCC in methylene chloride was an ineffective reagent for al-
lylic oxidation (29). In contrast to these results, we have
achieved moderate success by using PCC in refluxing meth-
ylene chloride for allylic and benzylic oxidations (41). PCC
in DMSO also has been used for the oxidation of β-ionone to
the corresponding diketone (42).
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FIG. 1. Chemical oxidation of 3β-hydroxy-∆5-sterols (A) in the absence
of a protection for the β-hydroxyl group and (B) in the presence of a pro-
tective group.



In a related study, we found that benzene was a superior
solvent for allylic oxidations using PCC (43). PCC in reflux-
ing benzene could effect a high-yield (87%) oxidation of cho-
lesteryl benzoate to 7-ketocholesteryl benzoate. This conver-
sion was accomplished with a 1:30 ratio of reagent (PCC)
when 1–10 g of cholesteryl benzoate was oxidized. Oxidation
of quantities of less than 1 g cholesteryl benzoate was suc-
cessfully performed by using smaller quantities of reagent
(1:25) with similar yields, thus demonstrating the usefulness
of the described method for both large- and small-scale prepa-
rations. This efficient (i.e., high-yielding) procedure repre-
sents a significant improvement in both yield and conve-
nience compared with other reported methods for the allylic
oxidation of cholesteryl benzoate to 7-ketocholesteryl ben-
zoate.

With the reaction conditions described (43), we conducted
additional studies using other solvents with cholesteryl ben-
zoate and PCC. Under these conditions, refluxing acetone,
pyridine, N,N-dimethylformamide, and DMSO at 100°C
yielded 7-ketocholesteryl benzoate in 2, 0, 18, and 77% yield,
respectively. In an earlier study, we found that using reflux-
ing methylene chloride as solvent yielded 54% of 7-ketocho-
lesteryl benzoate from cholesteryl benzoate (41).

In another additional study, we showed that pyridinium
fluorochromate (PFC), in refluxing benzene, was also an effec-
tive and convenient reagent for the efficient allylic oxidation of
∆5-sterols to the corresponding C-7 unsaturated ketones in high
yields (44). With this reagent, the allylic oxidation of choles-
teryl benzoate resulted in an 88% yield of 7-ketocholesteryl
benzoate. In the same study, cholesteryl acetate was oxidized
to its 7-keto derivative in an 87% yield.

Other oxidation studies have used hydroperoxides [e.g.,
t-butyl hydroperoxide (TBHP)] with different types of cata-
lysts. Chromium trioxide (45) and bis(tributyltin oxide)dioxo-
chromium (46) have been used as catalysts to obtain 7-keto-
∆5-sterols. However, epoxidation of the double bond was also
observed. Good yields of these products were also reported
when the reaction with the oxidizing agent TBHP was cat-
alyzed by hexacarbonyl chromium (47,48) and ruthenium
trichloride (49). However, the high toxicity of hexacarbonyl
chromium, the high cost of the ruthenium catalyst, and poten-
tial safety risks have led researchers to explore other methods
(50). The use of TBHP with catalysts such as Cu(I), Cu(II),
or Cu metal (51) gave good yields in the allylic oxidation of
∆5-sterols and required small amounts of reagents and sol-
vents, and the copper catalysts were inexpensive and less
toxic than the chromium reagents.

More environmentally friendly oxidations by molecular
oxygen and N-hydroxyphthalimide as catalyst (52,53) give
good yields of 7-keto-∆5-sterols. These methods are readily
applicable and inexpensive, and the catalyst can be recovered.
However, the required use of an oxygen atmosphere makes
them inconvenient (50). In a related procedure, allylic oxida-
tion at the C-7 position was accomplished using N-hydroxy-
phthalimide-catalyzed oxidation in air with benzoyl peroxide
as a free radical initiator (54,55). The resulting C-7 hydroper-

oxide was dehydrated with copper(II) chloride in pyridine to
produce the corresponding C-7 ketone of stigmasterol in
81–82% yield. In addition to being environmentally friendly,
this procedure had an added advantage in that no protecting
group was required for the 3β-hydroxyl group, since it was
not oxidized under these reaction conditions.

Recently, TBHP has been used in the presence of copper(I)
iodide, and tetra-n-butylammonium bromide was used as a
phase-transfer catalyst in a two-phase system of water and
methylene chloride (56,57). The allylic oxidation was found
to proceed more efficiently when TBHP was added to the re-
action mixture in portions. The high-yield conversion (>70%)
of ∆5-sterols into the corresponding C-7 unsaturated ketones
in short reaction times was reported.

We have continued our studies on the allylic oxidation of
∆5-sterols using PCC to produce the C-7 ketones. The use of
both PCC and PFC in refluxing benzene represents one of the
most convenient methods for the allylic oxidation of these
substrates (43,44,58). However, long reaction times, large
volumes of solvent, and high molar ratios of the oxidant are
required.

To improve on these procedures, we tested the use of
diphenyl diselenide as a catalyst to reduce reaction times and
amounts of reagent required for oxidation and observed that
lower quantities of the required reagent (PCC) were needed.
That selenium reagents introduce a hydroxyl group at allylic
positions in a substrate has long been known (59–61). In our
case these substrates would be oxidized to a ketone. The in-
volvement of the catalyst in this reaction would alter the
mechanism and would be similar to that already described for
the enhanced allylic chlorination of β-pinene using diphenyl
diselenide as a catalyst (62).

When we modified our established procedure (43), PCC
(1:5 molar ratio of steroid substrate/PCC) and catalytic
amounts of diphenyl diselenide (1:0.1 molar ratio of steroid
substrate/diphenyl diselenide) were heated together in reflux-
ing benzene with cholesteryl benzoate; allylic oxidation at the
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FIG. 2. Mechanism of allylic oxidation of cholesteryl benzoate by pyri-
dinium chlorochromate and a diphenyl diselenide catalyst.



C-7 position occurred in 5 h, and 7-ketocholesteryl benzoate
was obtained in 50% yield. Continued heating for a total of
24 h produced a 76% yield. When this reaction was conducted
in the absence of a diphenyl diselenide catalyst, an 11% yield
of the C-7 ketone was obtained after 24 h of reaction. With-
out the catalyst, a molar ratio of 1:30 of PCC was required for
optimal product yield (87%). A proposed mechanism for the
allylic oxidation of cholesteryl benzoate using PCC and
diphenyl diselenide is shown in Figure 2. The ionic mecha-
nism shown is supported by the addition of 2,2′-azobisisobu-
tyronitrile, a radical initiator (63), which produced no ob-
served enhancement of the reaction rate (monitored by TLC)
or final yield of the reaction product.

In conclusion, we believe the results presented herein pro-
vide useful information concerning the chemical synthesis of
7-keto-∆5-sterols resulting from the allylic oxidation of ∆5-
sterols. The major methods of synthesis have been reviewed
and the advantages of certain procedures have been indicated.
In addition, we have attempted to develop novel and efficient
approaches to the synthesis of these products.
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ABSTRACT: This article reviews the utility of dioxiranes in the
oxidation of 3β-substituted ∆5-sterols. Dioxiranes are the smallest
cyclic peroxides that contain a carbon atom. They can be gener-
ated in situ from Oxone® (2KHSO5·KHSO4·K2SO4) and a ketone.
Dioxiranes are versatile oxidizing agents. The most common re-
action of dioxiranes is epoxidation, with nearly 1:1 ratios of α/β
isomer products in all cases. ∆5-Steroids with different side chains
were epoxidized by dioxiranes generated in situ from several
commercially available ketones. Although ketones function as
catalyst, they were used in about an equivalent amount or large
excess to accelerate the reaction.

Paper no. L9542 in Lipids 39, 805–809 (August 2004).

As a class of compounds, oxysterols can be defined as sterols
bearing a second oxygen function in addition to that at carbon-
3, and having an iso-octyl or modified iso-octyl side chain.
These compounds have a variety of biological properties, in-
cluding cytotoxicity, atherogenicity, carcinogenicity, muta-
genicity, hypocholesterolemia, and effects on specific enzymes.
Widely distributed in nature, they have been found in animal
tissues and foodstuffs (1–4). Among these, the α- and β-epox-
ides of cholesterol (5,6α-epoxy-5α-cholestan-3β-ol and 5,6β-
epoxy-5β-cholestan-3β-ol) are recognized to result from au-
toxidation rather than from enzymatic origin. 

As a result of the interest in steroidal 5,6-epoxides, we have
investigated new chemical methods to provide these com-
pounds for biological and analytical studies of oxysterols.
Dioxiranes, a class of environmentally friendly oxidants, had
previously displayed a high efficiency for epoxidation of vari-
ous alkenes, including polycyclic aromatic hydrocarbons, al-
lenes, enol derivatives, and α,β-unsaturated carbonyl com-
pounds (5,6). The very mild reaction conditions have allowed
for the isolation of extremely labile epoxides.

Dioxiranes are molecules with three-membered peroxide
rings. As powerful oxidants, dioxiranes, whether generated in
situ or in isolated forms as solutions, have been used to carry
out many synthetically useful transformations (7-11). In the in
situ method, the reaction is run in a buffered aqueous system
containing a ketone, caroate (Oxone®; DuPont Co., Wilming-
ton, DE), and the substrate; otherwise, a buffered organic-aque-
ous cosolvent system together with a phase-transfer catalyst
could be used for a water-insoluble substrate. Using isolated
dioxiranes allows the reaction to be performed under extremely

mild, strictly neutral nonhydrolytic conditions, whereas the in
situ method is suitable for large-scale reactions.

Most of the known reactions involving dioxiranes are sum-
marized in Scheme 1. These include quantitative oxidation of
chloride ion to hypochlorite ion (transformation 1) (12), of sul-
fides to sulfoxides or of sulfoxides to sulfones (transformation
2) (oxidation of sulfides can be controlled at the sulfoxide stage
by using stoichiometric amounts of the dioxirane) (5,6,13–19),
and of phosphine or phosphine sulfides to phosphine oxides
(transformation 3) (6,20). The latter two transformations have
been used to determine concentrations of dioxirane solutions
(6,13). Dioxiranes also display high efficiency for epoxidation
of various alkenes as mentioned previously (transformation 4)
(5,6). Tertiary amines, imines, pyridine, and diazo compounds
are oxidized to the corresponding N-oxides (transformation 5)
(6,21–24), secondary amines to hydroxylamines, which can be
further oxidized, and primary amines to nitro compounds via
hydroxylamine intermediates (transformation 6) (22,25–30).
Nitro compounds are also produced in the oxidation of iso-
cyanates (31). O-Insertions into C−H bonds of aldehydes
(transformation 7) (6,32), of secondary or primary alcohols
(transformation 8) (33–35), and of acyclic or cyclic ethers
(transformation 9) (36) have been reported. Even oxyfunction-
alizations of “unactivated” tertiary and secondary C−H bonds
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of alkanes (transformation 10) (7,37–44) with high efficiency
under extremely mild conditions have been described. O-Inser-
tion into Si−H bonds of silanes (transformation 11) (45) has
also been achieved with dioxiranes. As for self-decomposition
of dioxiranes, esters are the main products from photochemical
or thermal rearrangements (transformation 12) (6,7,13,46,47).
It has been reported that BF3 etherate catalyzes the thermal de-
composition of dioxiranes (6).

The most extensively investigated chemical transformation
with dioxiranes is their ability to convert a variety of alkenes
into the corresponding epoxides, especially in asymmetric
epoxidations (48). Using an optically active ketone (Fig. 1,
compounds A and B) as precursors of dioxiranes, Curci et al.
(49) presented the first example of enantioselective epoxida-
tion with up to 12.5% enantiomeric excesses. Since then a va-
riety of ketones (Fig. 1) (50–58) have been designed in a num-
ber of laboratories and tested for their selectivity with various
unfunctionalized alkenes. Up to 96% enantiomeric excess has
been achieved. Chiral dioxiranes generated in situ are very ef-
fective reagents for asymmetric epoxidation.

The goal of the present study was to apply dioxirane chem-
istry to the syntheses of oxysterols. Epoxidation of 3β-substi-
tuted ∆5-steroids with various dioxiranes generated in situ is
described herein. The three ketones used in this study to gener-
ate dioxiranes for the epoxidation of the 3β-substituted ∆5-
steroids were (i) acetone, (ii) 1,1,1-trifluoroacetone, and (iii)
cyclohexanone. The six steroidal substrates shown in Figure 2
were used to explore the epoxidation potential of dioxiranes
generated in situ.

The results are shown in Table 1. With a KHCO3/K2CO3

buffer solution (pH 10–10.5) to control the pH, several ∆5-
steroids in acetone/water (3:4 vol/vol) were converted into the
corresponding epoxides with Oxone. Under the same pH con-
dition, epoxidations by 1,1,1-trifluoroacetone/Oxone or cyclo-
hexanone/Oxone were carried out in CH3CN/dimethoxy-
methane/water (1:2:4 by vol).

Epoxidation of steroids 4–9 by dioxiranes generated in situ
from Oxone with acetone (Table 1, entries 1–6), 1,1,1-trifluo-
roacetone (Table 1, entries 7–10), or cyclohexanone (Table 1,
entry 11) is very efficient (i.e., high-yielding). Among the three
ketones, 1,1,1-trifluoroacetone displayed the highest catalytic
activity. Although acetone is much less active than 1,1,1-triflu-
oroacetone, its ability to be used as solvent, i.e., used in large
amount, completely suppressed its disadvantage. Cyclohexa-
none was also an effective ketone catalyst. Under the reaction
conditions employed, secondary hydroxy groups were left in-
tact (Table 1, entries 1–3, 7–9, 11). Another advantage of ace-
tone and 1,1,1-trifluoroacetone is that their low b.p. (56 and
24°C, respectively) simplify the isolation and purification of
final products.

5β,6β-Epoxide could not be separated from the correspond-
ing 5α,6α-isomer on HPLC columns, but resolution on GC
columns has been reported. Both isomers show almost the
same Rf value on TLC plates for several common solvent pairs.
The assignment of the stereochemistry to the epoxides and the
calculation of α/β ratios depended on their 1H NMR spectra.
According to the research of Cross (59), the H-6β resonance of
steroidal 5α,6α-epoxides appears in the range δ 2.82–2.94 as a
doublet with a coupling constant J in the range 3.3–4.1 Hz,
whereas the H-6α signal of the corresponding 5β,6β-epoxides
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FIG. 1. Chiral ketones for asymmetric epoxidation by dioxiranes. Boc, tert-butoxycarbonyl
protecting group.



lies in the range δ 3.05–3.12, also as a doublet, with a smaller
coupling constant J in the range 2.1–2.7 Hz; only one 6,7-pro-
ton coupling is observed in both cases. The integration values
of H-6 peaks were used to calculate the α/β-ratio of the epoxi-
dation products in Table 1. It was also found that the H-3α sig-
nal of 5α,6α-epoxides (δ 3.8–3.9 for 3β-hydroxy-substituted
and δ 4.9–5.0 for 3β-acetoxy-substituted steroids) appeared
downfield to the H-3α signal of the corresponding 5β,6β-epox-
ides (δ 3.6–3.7 and δ 4.7–4.8, respectively). The integration
values of these peaks have been used to recheck the ratios cal-
culated from integration of the H-6 peaks to within 5%.

Despite the relatively simple procedure for the reaction and
purification when acetone, 1,1,1-trifluoroacetone, or cyclo-
hexanone is employed as the precursor of the dioxirane, a
major limitation associated with these ketones is the lack of
stereoselectivity in the epoxidation of 3β-substituted ∆5-
steroids 4–9 (Table 1), just as reported by other authors (40,60).

The α/β ratios of corresponding 5,6-epoxides were all very
close to 1. This result differs from that observed for epoxida-
tion by peracids (60), where the α/β ratio is about 4. Attempts
to use 2,6-dimethylcyclohexanone or camphor as dioxirane
precursors failed. The conversions were too low to give any re-
liable data.

Study of the epoxidation properties of dioxiranes has eluci-
dated the formation of steroidal epoxides. Epoxidation of cy-
clohexene at 25°C by purified dimethyldioxirane in acetone so-
lution is 74 times faster than by peroxybenzoic acid in methyl-
ene chloride (11). Because the procedure for the isolation of
dioxiranes is rather cumbersome and because only some dioxi-
ranes from simple ketones can be isolated (so far), epoxidation
using dioxiranes generated in situ from caroate-ketone systems
is generally preferred (Fig. 3). The in situ method allows the
use of ketones with complex structures to achieve certain stereo-
selectivity. According to the mechanism depicted in Scheme 2,
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FIG. 2. Epoxidation of 3β-substituted ∆5-steroids by dioxiranes generated in situ from caroate-ketone systems. Epox-
idation products are presented in Table 1 as α/β epoxide ratios.



the ketone is regenerated upon epoxidation. Therefore, in prin-
ciple, only a catalytic amount of ketone is required. Moreover,
compared with most metal-based oxidants, Oxone is an envi-
ronmentally friendly oxidant with no toxic by-products and is
very inexpensive.
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TABLE 1
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9 6 2 1 4 0°C 6 77 44:56

10 7 2 1 2 0°C 4 90 44:56
11 4 3 19 3 RT 4 85 45:55
aOxone®: 2 KHSO5·KHSO4·K2 SO4 (caroate) (DuPont, Wilmington, DE). RT, room temperature.
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ABSTRACT: Glutamate receptors play a major role in neural
cell plasticity, growth, and maturation. The degree to which
ionotropic glutamate receptors (iGluR) conduct current is de-
pendent on binding of extracellular ligands, of which glutamate
is the native agonist. Although the glutamate binding site of the
GluR2 class of amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA) iGluR has been structurally characterized, the
allosteric sites attributed to neurosteroid binding have yet to be
localized. Here, using intrinsic tryptophan fluorescence spec-
troscopy, we show that the extracellular glutamate binding core
of the GluR2 class of AMPA receptors also binds to two neuro-
steroids, pregnenolone sulfate (PS) and 3α-hydroxy-5β-pregnan-
20-one sulfate, both of which negatively modulate its activity.
Interest in these sulfated neurosteroids stems from their differ-
ential modulation of other members of the iGluR family and
their potential use as endogeneous agents for stroke therapy. In
particular, whereas PS inhibits AMPA and other non-N-methyl-
D-aspartate (NMDA) family members, it activates the NMDA re-
ceptor. In addition to providing evidence for binding of these
neurosteroids to the glutamate binding core of the GluR2 class
of AMPA receptors, our data suggests that both neurosteroids
bind in a similar manner, consistent with their modulation of
activity of this class of iGluR. Interestingly, the conformational
change induced upon binding of these neurosteroids is distinct
from that induced upon glutamate binding.

Paper no. L9515 in Lipids 39, 811–819 (August 2004).

Fast synaptic transmission between nerve cells is thought to
be responsible for the formation of memory and learning and
to result primarily from the depolarizing effect of ionotropic
glutamate receptors (iGluR). Nature regulates a specific level
of activity for the iGluR, and deviations from this lead to two
major states of malfunction: hyper- and hypo-excitation. The
physiology induced by hyperexcitation is similar, if not iden-
tical, to that resulting from states of ischemia, hypoglycemia,
and physical trauma. Furthermore, it is believed that when
these physical stresses are imposed upon the central nervous
system, they may cause the chronic neuronal degeneration
observed in diseases such as Huntington’s, Alzheimer’s, and

Parkinson’s (1). As the root of both these chronic and acute
neurological diseases is believed to be overactivity of the
iGluR, negative modulators of these receptors are attractive
potential drug leads. In fact, the most potent anti-excitotoxic
drugs identified thus far are noncompetitive N-methyl-D-as-
partate (NMDA) receptor antagonists (1). 3-α-Hydroxy-5β-
pregnan-20-one sulfate (PregaS; Fig. 1), an endogenous neu-
rosteroid, has been shown to inhibit NMDA receptors in a
noncompetitive manner (2). In addition, pregnenolone sulfate
(PS), which differs from PregaS by only one double bond at
the steroid A/B ring juncture (Fig. 1), is at least a partial in-
hibitor of all non-NMDA iGluR; however, PS potentiates the
NMDA receptor response to glutamate by approximately
150% (2,3).

The iGluR are divided into three subcategories based on
their agonist selectivity: amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA), kainate, and NMDA recep-
tors—with AMPA and kainate receptors often grouped to-
gether as non-NMDA iGluR. Recent studies suggest that the
functional glutamate-gated ion channels are composed of a
dimer of dimers motif with the actual channel formed by the
re-entrant loop of each subunit (4–8). Each of the subunits is
composed of an extracellular amino terminus, a ligand-bind-
ing core (S1S2), three transmembrane-spanning domains, a
re-entrant loop, and an intracellular carboxy-terminal tail
(Fig. 2; 9–16). Upon binding of glutamate to the extracellular
S1S2 ligand-binding core, a conformational change is trans-
mitted that allows the channel to open. Molecular cloning of
the iGluR has led to the development of a soluble extracellu-
lar GluR2-S1S2 domain that has been shown to possess near-
native binding affinities for both agonists and antagonists
(14–19). This AMPA receptor construct, which eliminates the
first two transmembrane-spanning regions as well as the re-
entrant loop, is composed of the S1 domain joined to the S2
domain by a two amino acid (GT, i.e., glycine + threonine)
linker (the C-terminus of S2 ends prior to the start of the final
transmembrane-spanning region). Since PregaS-binding to
the NMDA receptor is known to occur extracellularly (3) and
since modulation of activity of the receptor appears to be reg-
ulated by the S1S2 domain, this engineered GluR2-S1S2 con-
struct was used to probe for PS and PregaS binding to the
AMPA receptor. Based on intrinsic tryptophan fluorescence
spectroscopy, we propose that the binding site for both of
these neurosteroids is contained within the S1S2 domain of the
GluR2 class of AMPA receptors. 
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EXPERIMENTAL PROCEDURES

Buffers. Buffer 8: 20 mM NaOAc, 4 M guanidine-HCl, 1 mM
DTT, 1 mM EDTA, pH 4.5 (15,19). Buffer 9: 650 mM argi-
nine-HCl, 400 µM KCl, 10 mM NaCl, 1 mM EDTA, pH 8.5
(15,19). Buffer 13: 150 mM NaH2PO4, 1 mM glutamate, pH
6.0. Buffer 14: 150 mM NaH2PO4, 1 mM glutamate, 1 M

NaCl, pH 7.0. Buffer 15: 6 M urea, 150 mM NaH2PO4, pH
6.0. Buffer 16: 6 M urea, 150 mM NaH2PO4, 500 mM NaCl,
pH 7.0. Buffer 17: 6 M urea, 50 mM NaH2PO4, 50 mM Tris,
pH 8.5. Buffer 18: 6 M urea, 1 M imidazole, 50 mM
NaH2PO4, 50 mM Tris, pH 8.5.

Protein expression, purification, and folding for circular
dichroism (CD) studies (Fig. 3, Scheme A). GluR2 cDNA in
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FIG. 1. Neurosteroid structures and their physiological effect on members of the ionotropic
glutamate receptor (iGluR) family. (A) Pregnenolone sulfate (PS); (B) 3α-hydroxy-5β-pregnan-
20-one sulfate (PregaS). 

FIG. 2. Schematic representation of the GluR2-S1S2 domain. GluR2 subunits are composed of an extracellular amino terminus, a ligand-binding
core (S1S2), three transmembrane-spanning domains, a re-entrant loop, and an intracellular carboxy-terminal tail (Ref. 16, modified Figure 1A
used with permission).



the pETGQ vector was obtained from Eric Gouaux (Columbia
University, New York, NY) and transformed into electrocom-
petent Escherichia coli BL21(DE3) cells. The amino acid se-
quence of this construct is as follows: M-H8-SSG-
LVPRGS(thrombin cut site)-AMG-S1(amino acids 383–524)-
GT(linker)-S2(amino acids 627–791). Protein was expressed,
harvested, solubilized, and folded as in Chen et al. (15,19).
The folded GluR2-S1S2 protein was then dialyzed against 16
vol of buffer 13 (2 × 8 h) at 4°C, followed by centrifugation
at 85,000 × g, 20°C for 1 h. The resultant supernatant was
concentrated ~12-fold and loaded onto an SP-sepharose col-
umn (1.5 mL/min), which was then washed with 40 mL of
buffer 13 and eluted with a gradient of 0–100% buffer 14 over
a 100-mL range. Elution of the S1S2 protein began with ap-
proximately 200 mM NaCl, pH 6.2, and was more than 90%
complete by 400 mM NaCl, pH 6.4. Aliquots (300 µL) of ap-
proximately 2 mg/mL were then loaded onto an HPLC size-
exclusion chromatography (HPLC-SEC) column (Varian
Prostar HPLC, Superdex 75 HR 10/30 SEC) at a flow rate of
0.5 mL/min in buffer 13, and the peak corresponding to

monomer was collected (approximately 1:6 mol/mol ratio of
GluR2-S1S2 dimer/monomer). The material was then con-
centrated to 16.1 µM, yielding approximately 0.5 mg of
monomeric protein per liter of initial growth.

Protein expression, purification, and folding for fluores-
cence studies (Fig. 3, Scheme Bi). The GluR2-S1S2 protein
was expressed, harvested, and solubilized as in Scheme A of
Figure 3. The solubilized protein was then centrifuged at
110,000 × g, at 20°C for 1 h. The resultant supernatant was
diluted with 350 mL of buffer 8, centrifuged again at 110,000
× g, 4°C for 1 h, and the supernatant was then dialyzed
against 12.5 vol of buffer 15 (3 × 8 h). Aliquots (100 mL) of
the unfolded protein solution were then loaded onto an SP-
sepharose column (10 mL column volume, 2.0 mL/min),
washed with 40 mL of buffer 15, and eluted with a gradient
of 0–100% buffer 16 over a range of 100 mL. Elution of the
S1S2 protein began with approximately 200 mM NaCl, pH
6.2, and was more than 90% complete by 400 mM NaCl, pH
6.4. The fractions containing GluR2-S1S2 were then loaded
onto an HPLC-SEC column (Varian Prostar HPLC, Superdex
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FIG. 3. Purification schemes for the GluR2-S1S2 domain. The pETGQ vector, transformed into Escherichia coli
BL21(DE3) cells, is used to overexpress the GluR2-S1S2 domain in inclusion bodies. The protein can be solubi-
lized, refolded, and then purified (Scheme A), or it can be solubilized, purified in the denatured state, and then re-
folded (Schemes B and C). Schemes B and C differ by the purification method employed in the denatured state
[cation exchange chromatography followed by HPLC size-exclusion chromatography (HPLC-SEC) vs. chromatogra-
phy on an immobilized metal affinity column].



75 HR 10/30 SEC) in 300-µL aliquots at a flow rate of 0.5
mL/min, and the peak corresponding to monomer was collected
(no significant amounts of multimeric GluR2-S1S2 were de-
tected). The pooled peaks were dialyzed against 12.5 vol of
buffer 9 (4 × 8 h) followed by centrifugation at 85,000 × g, 20°C
for 1 h. The supernatant was then treated with GSH/GSSG (1
mM/0.2 mM) at 4°C overnight, yielding approximately 15.5 mg
of monomeric protein per liter of initial growth. 

Protein expression, purification, and folding for fluores-
cence studies (Fig. 3, Scheme C). GluR2-S1S2 was ex-
pressed, harvested, and solubilized as in Schemes A and B
(Fig. 3). Solubilized unfolded protein was centrifuged at
110,000 × g, 20°C for 1 h, and the supernatant was succes-
sively dialyzed against 35–50 vol of buffer 17 (3 × 4 h) at
room temperature. The protein solution was again centrifuged

at 110,000 × g, 20°C for 1 h. The supernatant [5 mL; 0.5 L
Luria broth (LB) prep equivalent] was then loaded onto a His-
Bind® Resin (Novagen, Madison, WI) column (30 mL col-
umn volume at 2.0 mL/min). Impurities were eluted with two
gradients: a 50-mL gradient of 50 to 100 mM imidazole in
buffer 17 followed by a 40-mL gradient of 100 to 250 mM
imidazole in buffer 17. Buffer 18 (90 mL) was then used to
elute the desired S1S2 protein, which was then diluted
twofold with buffer 17 and, for folding, dialyzed against
35–50 vol of buffer 9 for 3 × 4 h at 4°C. The folded protein
solution was then treated with GSH/GSSG (1 mM/0.2 mM)
at 4°C overnight. The solution was centrifuged at 110,000 ×
g, 4°C for 1 h and the supernatant collected, yielding approx-
imately 25 mg of pure S1S2 protein per liter of initial growth. 

CD studies. The CD measurements plotted in Figure 4
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FIG. 4. Far-UV circular dichroism spectra of the GluR2-S1S2 domain. (A) Methanol titration of GluR2-S1S2 to ver-
ify that secondary structure remains intact under conditions necessary for addition of neurosteroid. (B) Addition of a
3.3-fold molar excess of either PS or PregaS in 0.8% methanol to GluR2-S1S2 (16 mM, buffer 13) leads to no global
changes in secondary structure of the receptor domain. Addition of an 8.2-fold molar excess of either neurosteroid
in 2.0% methanol shows similar results. For abbreviations see Figure 1.



were performed on an Olis DSM-10 CD spectrophotometer
(Bogard, GA) at 25°C using a 0.5-mm slit width and a 1-mm
pathlength quartz cell. All scans were performed from 190 to
240 nm with an integration time of 3 s. Five blank spectra of
buffer 13 were recorded, which were then averaged and sub-
tracted from subsequent experimental spectra. Protein sam-
ples, as prepared above, were at a concentration of 16 µM. PS
(Sigma, St. Louis, MO) and PregaS (Steraloids, Newport, RI),
solubilized in 100% methanol (10 mM stock solution), were
added to protein samples to a final concentration of either 53
µM (3.3:1 molar ratio of neurosteroid/protein) or 131 µM
(8.2:1 molar ratio of neurosteroid/protein) in 0.8 or 2.0% final
methanol concentration, respectively.

Fluorescence studies. Fluorescence emission was mea-
sured on a Cary Eclipse fluorescence spectrophotometer (Var-
ian) at 25°C using 2.5 nm excitation and emission slit widths.
All scans were performed from 285 to 450 nm with a 280-nm
excitation in a 1-cm pathlength cell. Each sample was equili-
brated 90 s at 25°C in the sample holder before data acquisi-

tion. Upon addition of ligand, an additional 90-s equilibration
at 25°C was performed before data were collected. Sample
preparation times were also normalized to eliminate differ-
ences in the time frame over which each ligand was allowed
to bind to the S1S2 domain.

Blanks were measured by adding the appropriate ligand to
buffer 9. Since all blank signals were <1% of the total fluo-
rescent signal at 339 nm, experimental data were reported
without subtraction of a blank. Protein samples, as prepared
above, were at a concentration of 7.1 µM. For the binding ex-
periments (Fig. 5A), the neurosteroids were solubilized in
methanol to a stock concentration of 50 mM. They were
added to a final concentration of 25 to 1030 µM (3.5:1 to
145:1 molar ratio of neurosteroid/protein) in 2.1% methanol.
To take into account any effects of 2.1% methanol on the pro-
tein, fluorescence emission in the absence of quencher was
determined in the presence of 2.1% methanol, thus allowing
a direct comparison between samples with and without neu-
rosteroid. Percent binding is defined as [(fluorescence emission
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FIG. 5. Intrinsic fluorescence emission at 339 nm of the GluR2-S1S2 domain in the presence of ligand. (A) Percent
binding of PregaS (u) or PS (n) to the GluR2-S1S2 domain (7.1 µM in buffer 9). In each case, the neurosteroid was
added (from a 50 mM stock solution) to a final concentration of 25–1030 µM (3.5:1 to 145:1 molar ratio of neuro-
steroid/protein) in 2.1% methanol. (B) Percent quenching of fluorescence emission of the GluR2-S1S2 domain (7.1
µM in buffer 9) plus: (1) 213 µM glutamate (Glu), (2) 213 µM PS, (3) 213 µM glutamate followed by 213 µM PS, (4)
213 µM PS followed by 213 µM glutamate, (5) 213 µM PregaS, (6) 213 µM glutamate followed by 213 µM PregaS,
(7) 213 µM PregaS followed by 213 µM glutamate. In each case, the ligand was added from a 10 mM stock solu-
tion to 2.1% of the total volume of the solution. The mean value ± the error at a 95% confidence level is plotted.



in the absence of the quencher at 339 nm – fluorescence emis-
sion in the presence of a certain concentration of the quencher
at 339 nm)/(fluorescence emission in the absence of the
quencher at 339 nm – fluorescence emission in the presence
of a saturating concentration of the quencher at 339 nm)] ×
100. A saturating concentration is defined here as one for
which there is no further quenching.

For the fluorescence quenching experiments (Fig. 5B),
neurosteroids were solubilized in methanol to a stock concen-
tration of 10 mM. They were added to a final concentration
of 213 µM (30:1 molar ratio of neurosteroid/protein) in 2.1%
methanol. To take into account any effects of 2.1% methanol
on the protein, fluorescence emission in the absence of
quencher was determined in the presence of 2.1% methanol,
thus allowing a direct comparison between samples with and
without neurosteroid. Glutamate was solubilized in buffer 9
to a stock concentration of 10 mM. It was added to a final
concentration of 213 µM in buffer 9 (30:1 molar ratio of glu-
tamate/protein). Percent fluorescence quenching is defined as
[(fluorescence emission in the absence of the quencher at 339
nm − fluorescence emission in the presence of the quencher
at 339 nm)/fluorescence emission in the absence of the
quencher at 339 nm] × 100. Each data set in Figure 5B con-
sists of emission spectra from independent scans of five iden-
tically prepared samples. The average spectrum of each data
set was calculated by averaging the intensity at each individ-
ual wavelength between 285 and 450 nm. The wavelength at
maximum intensity was determined to be at 339 nm for all
data sets. The SD was calculated at 339 nm for each data set
based on the five data points for each protein/ligand mixture,
and the error at 95% confidence was determined. The 95%
confidence interval (µ) was defined as average fluorescence
intensity ± (t × SD)/(number of data points)1/2, where t is the
Student-t value for the appropriate degrees of freedom at the
95% confidence level.

RESULTS 

Protein purification. Purification of the GluR2-S1S2 domain
has been described by Gouaux and colleagues (15,19). In this
protocol, protein is produced in inclusion bodies, solubilized,
refolded, and then purified (Fig. 3, Scheme A). Owing to dif-
ficulties encountered after refolding, two purification proto-
cols of the GluR2-S1S2 domain in the denatured state were
devised. In our hands, purification in the denatured state fol-
lowed by refolding increased protein yields up to 50-fold. The
first of these denatured purification protocols (Fig. 3,
Schemes Bi and Bii) involves cation exchange chromatogra-
phy followed by HPLC-SEC. In this protocol, cation ex-
change chromatography is performed in buffers containing 6
M urea. The resultant material is either refolded and then sub-
jected to HPLC-SEC for further purification (Scheme Bii) or
subjected to HPLC-SEC for further purification while still in
the denatured state (6 M urea) and then refolded (Scheme Bi).
These protocols yielded approximately 15.5 mg of
monomeric GluR2-S1S2 protein per liter (LB) of bacterial

growth. Since HPLC-SEC is a low-throughput method, a de-
natured purification protocol has been developed (Fig. 3,
Scheme C) that takes advantage of the octa-histidine tag on
the N-terminus of the GluR2-S1S2 construct. By using a two-
stage gradient elution of imidazole to remove undesired bac-
terial impurities, pure GluR2-S1S2 protein is then acquired
from a 1 M imidazole elution. This protocol has the advan-
tage of being amenable to efficient purification (one column)
of larger quantities of the GluR2-S1S2 protein, yielding ap-
proximately 25 mg of monomeric GluR2-S1S2 protein per
liter (LB) of bacterial growth. 

Neurosteroid binding. An IC50 value for PS binding to the
intact NMDA receptor of 37 µM has been reported (20). This
weak binding necessitates the use of excess ligand in neuro-
steroid binding experiments to shift the equilibrium in favor
of the protein–ligand complex. Before ligand binding experi-
ments could commence, a solvent to solubilize the neuro-
steroids needed to be found that was compatible with the na-
tive folded state of the GluR2-S1S2 domain. DMSO and
methanol were found to solubilize both PS and PregaS; how-
ever, because even low concentrations (0.1% vol/vol) of
DMSO caused the GluR2-S1S2 domain to unfold, the neu-
rosteroid binding studies described here were performed in
methanol. Figure 4A shows far-UV CD spectra that confirm
that the GluR2-S1S2 domain is folded, that it contains signif-
icant secondary structure that is consistent with an α/β pro-
tein, and that it remains stable upon addition of methanol up
to concentrations of ~10%. From this titration, final methanol
concentrations up to 2.8% were deemed acceptable. Upon ad-
dition of an excess of either PS or PregaS (3.3- or 8.2-fold
molar excess) to the GluR2-S1S2 domain, no significant
changes in global secondary structure were observed by CD
spectroscopy (Fig. 4B). Similarly, addition of glutamate to
the S1S2 domain (data not shown) resulted in no changes in
overall secondary structure. The latter was not surprising as
the findings of Gouaux and colleagues (16,21) document that
the mechanism of glutamate binding entails a hinge motion
closure of the S1 and S2 domains. Such a binding mechanism
results in a dramatic change in tertiary structure but minimal
changes in secondary structure. If PS and PregaS induce a
conformational change upon binding to the S1S2 domain that
involves a similar hinge-type motion of the S1 domain rela-
tive to the S2 domain, the data shown in Figure 4B would be
expected.

Intrinsic fluorescence spectroscopy (upon excitation at 280
nm) was employed to monitor changes in the tertiary struc-
ture of the GluR2-S1S2 domain upon addition of each neu-
rosteroid, because the near-UV CD spectrum of the S1S2 do-
main was dominated by the n−π* transition of the steroid C-
17 carbonyl group. Before monitoring ligand binding by
fluorescence, negative controls were performed to demon-
strate that neither neurosteroid bound nonspecifically to pro-
teins (ovalbumin or chymotrypsinogen) or to tryptophan (data
not shown). The intrinsic tryptophan fluorescence intensity of
ovalbumin and chymotrypsinogen was seen to change by less
than 4% (within experimental error) in the presence of either
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PS or PregaS, implying that these neurosteroids do not bind
nonspecifically to protein. Although neither steroid binds to
ovalbumin, we observed both to bind to BSA, as was origi-
nally reported by Romeu et al. (22). The minimal change in
intrinsic fluorescence intensity of tryptophan on addition of
either neurosteroid also implies that PS and PregaS do not
nonspecifically bind to solvent-exposed tryptophan residues. 

A study of each ligand binding to the GluR2-S1S2 domain
was performed before quenching experiments were under-
taken. Figure 5A shows this percent binding data at λmax (339
nm) in the presence of 25 to 1020 µM neurosteroid (3.5- to
145-fold molar excess). There are three interesting features
of this plot. First, the EC50 for quenching of the GluR2-S1S2
tryptophan fluorescence is similar upon binding of both neu-
rosteroids (316 µM for PS and 327 µM for PregaS). In addi-
tion, the λmax of emission at 339 nm indicates that the indole
side chains of the tryptophan residue(s) contributing to this
fluorescence intensity are at least partially solvent-exposed or
in polar environments (see below). Finally, it is noteworthy
that ligand binding to the S1S2 domain does not cause a shift
in the wavelength of maximum emission; hence, the polarity
of the environment around the responsible Trp residue(s) is
not significantly altered.

The results of the intrinsic fluorescence quenching experi-
ments are summarized in Figure 5B. In these experiments, a
30-fold molar excess (213 µM) of each neurosteroid was
added to the GluR2-S1S2 domain. As seen in Figure 5A, this
correlates to each neurosteroid being ~40% bound. A higher
concentration of neurosteroid was not used in these experi-
ments owing to the limited solubility of each neurosteroid
(and the ability to make neurosteroid stock solutions of >10
mM reliably in methanol), as well as the need to limit the
quantity of methanol to ensure that the GluR2-S1S2 domain
remained structurally intact (Fig. 4A). Had a higher concen-
tration of neurosteroid been used in these quenching experi-
ments, one that corresponded to 100% binding, the percent
quenching would have been ~55% rather than the ~20%
shown in Figure 5B. In each plot of Figure 5B, five indepen-
dent data sets were acquired and their mean values calculated.
Note that in each data set, fluorescence emission in the ab-
sence of quencher was determined in the presence of 2.1%
methanol, thus allowing a direct comparison between sam-
ples with and without neurosteroid. Error analysis was per-
formed from the SD of each data set and used to calculate the
95% confidence level (error bars shown in Fig. 5B). These
data show that the GluR2-S1S2 fluorescence intensity at a
λmax of 339 nm is partially quenched in the presence of either
PS or PregaS, but no significant quenching was observed
upon the addition of glutamate alone. From these data, it is
clear that within the 95% confidence limit, there is no signifi-
cant difference in fluorescence quenched (15.6–21.9%) if the
S1S2 domain is incubated with only the neurosteroid, with
the neurosteroid first and then glutamate, or with glutamate
first and then the neurosteroid. Also, within the 95% confi-
dence limit, there was no difference between the fluorescence
quenched upon addition of PS or PregaS. 

It is interesting to note that addition of either iodide,
nitrate, or cesium ion, at concentrations up to 20 mM, had no
effect on the fluorescence of the GluR2-S1S2 domain. Addi-
tion of these water-soluble quenchers after binding of each
neurosteroid to the S1S2 domain also had no effect on its flu-
orescence. 

DISCUSSION

Proteins contain three naturally occurring aromatic residues
that may contribute to their fluorescence; however, it is well
documented that, owing to the low quantum yield of phenyl-
alanine and the ease of quenching of tyrosine (particularly by
radiationless energy transfer to nearby tryptophan residues),
tryptophan is the major contributor (23,24). In addition,
phenylalanine and tyrosine have λmax of emission (282 and
303 nm, respectively) that are distinct from that of tryptophan
(348 nm). At higher pH values, including that used for these
fluorescence studies, the possibility of tyrosinate formation
exists. Although tyrosinate has a fluorescence emission maxi-
mum (330–350 nm) that could overlap with that of trypto-
phan, tyrosinate fluorescence is quenched (23). Thus, we be-
lieve that the observed fluorescent emission at 339 nm for the
GluR2-S1S2 domain is predominantly due to one or more of
its four tryptophan residues: Trp460, Trp671, Trp766, and
Trp767 (Fig. 6). The observed decrease in fluorescence inten-
sity with neurosteroid binding may occur through either one
or two major modes of action: (i) the fluorescing residue is
quenched as a direct result of neurosteroid binding; or (ii) a
conformational change upon neurosteroid binding brings an
appropriate functional group close enough to the fluorescing
residue to result in quenching by either electron or proton
transfer. A number of potential quenching species exist: (i)
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FIG. 6. Rasmol rendering of the apo GluR2-S1S2 domain (PDB: 1FTO;
16). The four tryptophan residues in the S1S2 domain (Trp 461, 671,
766, and 767) are space-filled and are shown in black. In addition, the
location of the glutamate (Glu) binding pocket is illustrated.



water; (ii) peptide bond; (iii) lysine or tyrosine residues
through excited-state proton transfer; or (iv) glutamate, as-
partate, glutamine, asparagine, cysteine, or histidine residues
through excited state electron transfer (23). The observed lack
of quenching with iodide, nitrate, and cesium ion of the
GluR2-S1S2 fluorescence intensity, either before or after
binding of either neurosteroid, suggests that none of the four
tryptophan residues in the apo S1S2 domain is on the surface
(unless in small crevices not accessible to the quenchers), and
likely not directly contacting neurosteroid upon binding, thus
eliminating mode of action option (i). In addition, none are
brought to the surface as a result of the conformational
change induced upon neurosteroid binding. It is therefore
likely that the tryptophans responsible for the observed
quenching upon neurosteroid binding are moved to different
partially buried regions (see below) of the protein as a conse-
quence of to the conformational change associated with neu-
rosteroid binding. 

Analysis of the crystal structure of the GluR2-S1S2 do-
main in the apo state (PDB file 1FTO: 16) shows that three of
its four tryptophan residues have an electron-donating group
well within quenching distance; aspartate 668 is 6.4 Å from
Trp671, aspartate 427 is 2.9 Å from Trp766, and glutamate
710 is 4.3 Å from Trp767. Theoretically therefore the only
tryptophan residue retaining fluorescent capabilities within
the apo state of the GluR2-S1S2 domain is Trp460. The hy-
pothesis that only one tryptophan residue is responsible for
the observed quenching, however, is inconsistent with the
half-bandwidth of 66 nm for this fluorescence emission sig-
nal, which is larger than normally found for a single trypto-
phan residue and is more consistent with the superposition of
more than one tryptophan emission band (25,26). 

Although addition of neurosteroid to the GluR2-S1S2 do-
main causes quenching of fluorescence intensity, it does not
cause a shift in the λmax at 339 nm. This favors a quenching
mechanism that does not change the polarity around the fluo-
rophores. The observed λmax at 339 nm suggests that the
residues most responsible for the GluR2-S1S2 fluorescence
signal are at least partially solvent-exposed or are in buried
polar regions (25,27,28). As seen in Figure 8, all four trypto-
phan residues within the GluR2-S1S2 domain are somewhat
exposed to solvent. 

In summary, we have demonstrated that both PS and Pre-
gaS bind to the S1S2 domain of the GluR2 subunit of the
AMPA receptor in a manner that is distinct from binding of
the natural agonist glutamate. Results of intrinsic fluores-
cence emission experiments suggest that both neurosteroids
bind to the S1S2 domain in a similar manner, which is con-
sistent with both PS and PregaS similarly affecting the activ-
ity of the non-NMDA receptors (down-regulation). This bind-
ing causes a conformational change that affects the environ-
ment, although not the polarity, of more than one of the
tryptophan residues in the S1S2 domain. The results de-
scribed here are significant because knowing that these neu-
rosteroids bind to the well-defined, structurally stable S1S2
domain of this receptor will allow for higher-resolution struc-

tural studies that could not have been performed on the intact
receptor. These structural studies will address such questions
as whether the observed fluorescence quenching is due to
each neurosteroid binding at the same site within the GluR2-
S1S2 domain, affecting the same tryptophan residues, and
will also elucidate the fluorescence-observed conformational
differences in the binding of glutamate and the neurosteroids
to the S1S2 domain. The protocols elucidated for the efficient
production of large quantities of the S1S2 domain will enable
these higher resolution studies. In conjunction with similar
studies of the S1S2 domain of the NMDA receptor, an under-
standing of inactivation of this receptor by PregaS will be fa-
cilitated. This inactivation, especially by compounds endoge-
neous to the mammalian central nervous system, is an excit-
ing avenue to pursue to minimize or reverse the effects of the
ischemic cascade in stroke patients. 
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ABSTRACT: Glucocorticoidal steroids (GC) are capable of
causing apoptotic death of many varieties of lymphoid cells;
consequently, GC are used in therapy for many lymphoid ma-
lignancies. Gene transcription in the GC-treated cells is re-
quired for subsequent apoptosis, but only a few of the actual
genes involved have been identified. We employed gene mi-
croarray analysis to find the network of genes involved in GC-
evoked cell death, using three clones derived from the CEM
lymphoid leukemia cell line. Clone C1-15 was resistant to GC-
evoked apoptosis, although not necessarily to GC-induced gene
transcription; the other two underwent apoptosis in the pres-
ence of GC. Clone C7-14 was subcloned from the apoptosis-
sensitive parental C7 clone to establish karyotypic uniformity.
The second sensitive clone, C1-6, was a spontaneous revertant
from parental resistant clone C1. A period of ≥24 h in the con-
stant presence of receptor-occupying concentrations of syn-
thetic GC dexamethasone (Dex) was necessary for apoptosis to
begin. To identify the steps leading to this dramatic event, we
identified the changes in gene expression in the 20-h period
preceding the onset of overt apoptosis. Cells in the log phase of
growth were treated with 10−6 M Dex, and 2–20 h later, mRNA
was prepared and analyzed using the Affymetrix HG_U95Av2
chip, containing probes for about 12,600 genes. Of these, ap-
proximately 6,000 were expressed above background. Compar-
isons of the basal and expressed genes in the three clones led to
several conclusions: The Dex-sensitive clones shared the regu-
lation of a limited set of genes. The apoptosis-resistant clone
C1-15 showed Dex effects on a largely different set of genes.
Promoter analysis of the regulated genes suggested that primary
gene targets for GC often lack a classic GC response element.

Paper no. L9533 in Lipids 39, 821–825 (August 2004).

Steroid hormones are powerful regulators of gene expression.
This regulation is carried out by a complex and imperfectly
understood series of interacting mechanisms. The general
outline of the process is well known, however: After entering
the cell, the steroid binds to a high-affinity protein receptor
molecule, which functions as a ligand-activated transcription
factor. The activated receptor can then bind to sequence-spe-

cific DNA sites termed response elements (REs) or can be
tethered to DNA indirectly by interaction with other tran-
scription factors bound to their own sequence-specific sites.
Combinations of such interactions also may occur. The rela-
tive frequency of use of each of these options has not been
determined, and until recently the tethering mechanism was
thought to cause only gene repression. Consequent to local-
ization at the proper DNA sites, the receptor associates with a
number of additional proteins, and in combination with these
proteins, assists the fundamental transcription machinery to
induce or repress the transcription of specific genes. Ivarie
and O’Farrell (1) showed long ago, in liver-derived cells, that
steroid hormones affect a specific, limited array of proteins,
but in no case have all of these been identified. Gene tran-
scription that is altered directly by glucocorticoid (GC) recep-
tor (GR) complexes consequent to steroid receptor activation
is termed “primary.” The changing levels of the protein and
RNA products of the genes under primary regulation may in
turn alter the transcription of “secondary” genes, those regu-
lated as a consequence of the primary events. This implies a
complex network of gene regulation stemming from the ini-
tial primary events. Only recently have the tools of genomics
allowed a global investigation of such networks. With these
tools, several groups have initiated studies of GC-regulated
genes in lymphoid cell systems (2–10). 

We investigated such a network (11–13) in a system of
three cell clones, which we derived from the cultured cell line
CEM. This line was grown from the cells of a pediatric pa-
tient with acute lymphoblastic leukemia. Without selective
pressure, clones C7 (sensitive) and C1 (resistant) were de-
rived from the CEM line (14). Subsequently, also without se-
lective pressure, subclones C7-14, C1-6, and C1-15 were ob-
tained from the parental clones. C7-14 and C1-15 retained the
response phenotypes to Dex of their respective parental
clones, whereas C1-6 was a spontaneous revertant to sensi-
tivity. Sensitive clones of CEM cells are killed by GC such as
dexamethasone (Dex) through an apoptotic process, whereas
C1-derived clones are highly resistant. C1 and its subclones
contain the apparatus necessary for apoptosis, however; acti-
vation of the cAMP/protein kinase A pathway restored sensi-
tivity to Dex (15). The sensitive clones required Dex to be
present constantly for many hours to initiate and then carry
out apoptosis. We focused on the network of genes regulated
by Dex during the interval preceding the onset of apoptosis.
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In this paper, we briefly review our published results on the
events in this interval. The results confirm the importance of
c-myc repression for GC-evoked apoptosis and identify an ad-
ditional limited set of genes regulated only in the two sensi-
tive clones. Promoter analysis of the regulated genes in the
sensitive clones suggests that primary induction of genes
often occurs by mechanisms not employing classic GC re-
sponse elements (GREs), a mechanism not yet widely recog-
nized.

Basal gene expression. The pattern of gene expression in
the absence of Dex was compared among the three clones.
Clustering analysis showed that, overall, the expression of
genes in this basal state differed between the C1-derived
clones and clone C7-14. The basal gene expression patterns
of the two C1-derived clones clustered more closely than did
either clone with the C7-14 basal genes (12,13). There were,
however, relative small sets of genes whose basal levels in
both the sensitive clones differed from those of resistant
clone, C1-15. One intriguing difference was found in caspase
4, a component of the caspase system that carries out apopto-
sis. Caspase 4 mRNA was expressed at somewhat higher lev-
els in the two sensitive clones. Why such an increase would
make cells selectively sensitive to GC is not clear. In general,
inspection of the gene sets revealed no obvious explanations
for the differing phenotypes. Thus, for example, activation of
the NFκB pathway was shown in many cases to promote the
viability of lymphoid cells (16). However, we found no obvi-
ous differences in the level of expression of known genes of
the NFκB system that would explain the cells’ sensitive/re-
sistant phenotypes. A similar conclusion was reached for the
genes of the Bcl2 family. Most of its pro- and anti-apoptotic
members were expressed similarly in all three clones in the
absence of Dex. DeRijk et al. (17) suggested that an excess
of a dominant negative splice variant of the GR, GRβ, could
account for some instances of GC resistance. We found no ex-
cess GRβ gene expression in the resistant clone, consistent
with reports of coordinate regulation of GRα and GRβ in
CEM-C7 cells (18) and a failure to find excess GRβ in child-
hood leukemias (19). However, many opportunities remain

for tests of the relevance of other genes that did show basal
differences. 

Genes regulated after exposure to Dex. At a time chosen
to be just at the onset of initiation of apoptosis, we identified
39 induced and 21 repressed genes regulated by Dex exclu-
sively in the two closely related sensitive CEM clones, but
not in the third closely related resistant clone (11). Based on
statistical analyses, we chose cutoffs of ≥2.5-fold for induced
genes and ≤2.0-fold for reduced genes to minimize the inclu-
sion of random events. Other genes were found to be regu-
lated exclusively in the resistant clone. The resistant clone
was therefore not insensitive to GC altogether, but rather, dif-
fered in the genes it had available for regulation. A few genes
were found to be regulated in both the sensitive and resistant
clones (Fig. 1). From literature searches, we found that,
unique to the sensitive clones, a number of the induced genes
are known to promote apoptosis or inhibit cell growth in at
least one cell type. Among the down-regulated genes we
found c-myc, which we had shown previously to be important
in the processes preceding apoptosis (15, 20–22). Detailed in-
vestigation of the importance of each of the newly identified
genes is underway, and we have initiated a time-course analy-
sis of the sequence of gene regulation. 

Using somewhat less stringent criteria for induction, a
clustering analysis was done on the induced gene sets. This
analysis revealed that when Dex was added, gene expression
in C1-6 shifted so that its gene expression profile more
closely resembled that of the sensitive clone C7-14 (11). This
result was consistent with our hypothesis that the genes found
to be regulated in both sensitive clones would include those
responsible for the initiation of apoptosis. 

Each of the clones showed some uniquely regulated genes,
allowing one to rule them out as relevant to the Dex-induced
apoptosis. A few genes were induced robustly in all three
clones, including that for the delta sleep-inducing peptide
(DSIPI/GILZ). Kofler et al. (10) suggested that this gene is
not induced as strongly in (most) resistant CEM cells. Our re-
sults showed that strong induction (20–30×) of DSIPI/GILZ
can occur in resistant cells and therefore that such a loss of
induction is not necessary for resistance. 

Promoter analysis. We examined the nucleotide sequences
of the promoters/regulatory regions up to approximately 2500
nt 5′ from the transcription initiation sites of the regulated
genes of the sensitive clones (11). Only a minority of these
genes contained a classic palindromic response element
(pGRE) for the GC receptor. The pGRE consists of a specific
hexanucleotide sequence followed by three nonspecific nu-
cleotides, then the hexanucleotides in reverse order. For ex-
ample, a consensus pGRE was TGTTCTnnnAGAACA. (In
nature, few genes with a pGRE have a sequence that exactly
matches the consensus.) Other genes were found to contain a
half GRE (1/2 GRE), i.e., one hexamer of the classic pGRE.
Many genes had neither form of the GRE. In the near vicinity
of the partial or complete pGRE, we often found putative
binding sites for other transcription factors with which the GC
receptor could interact: AP-1, C/EBP, NFκB, OCT-1, and
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FIG. 1. Venn diagrams of CEM clones C1-6, C7-14, and C1-15 showing
the number of genes induced (A) or repressed (B) after 20 h of dexa-
methasone treatment. For inclusion, genes had to of be “present” and
induced ≥2.5-fold, or repressed ≥2-fold, in at least two of the three repli-
cate experiments. (Modified from Ref. 11.)

 



CREB. This raised the question of whether the GRE-contain-
ing genes were primarily induced by Dex whereas the genes
with 1/2 GRE or no GRE were secondarily induced. Our ini-
tial data from time-course studies of gene expression showed
little correlation between the presence of a pGRE or 1/2 GRE
and earlier induction or extent of induction (Webb, M.S., and
Thompson, E.B., unpublished results). We therefore tenta-
tively concluded that a large proportion of genes induced by
Dex were activated to increase their transcription from GR
tethered to heterologous sites or acting at GC response units
(GRU) lacking a cognate GRE.

DISCUSSION

In this paper, we review our published data on the pre-apop-
totic changes in gene expression from a single time point in
three clones of CEM cells. Among these clones, after expo-
sure to Dex for a sufficient time, two died by apoptosis
whereas the third did not. All three were cloned, without se-
lective pressure, from two initial CEM cell clones. Two of the
subclones retained their parental phenotypes, one sensitive to
Dex-induced apoptosis and the other resistant. These clones
were pseudodiploid and karyotypically identical, with an
extra chromosome 22 and a pericentric inversion of chromo-
some 9. The third clone was a revertant to sensitive and was
pseudotetraploid. Overall, despite the closely related origins
of the three clones, the pattern of gene expression in the re-
sistant clone was quite different from the sensitive clone. The
gene expression patterns of the revertant to sensitive clone re-
sembled those of its resistant “sister” clone in the absence of
Dex. When the steroid was added, the revertant showed a
shift in expression of a significant number of genes, so that it
then clustered with the sensitive clone. Thus, we hypothe-
sized that a “molecular master switch” had been thrown in the
revertant, allowing the response to Dex of an entire set of
genes. Among these, we believe, were genes critical for the
eventual apoptosis of the cells. We are now searching for the
putative switch, as well as the genes critical for initiating
apoptosis. Studies of the timing of regulation of the Dex-con-
trolled genes also are underway. 

To narrow the search for the critical genes, we adopted
fairly stringent criteria for inclusion as induced or down-reg-
ulated. Although this could exclude some important genes
truly regulated by Dex, our choice was to take criteria such
that the genes identified were statistically unlikely to be ran-
dom events. This led to the identification of 59 genes uniquely
regulated in the sensitive cells. Some of these confirmed prior
results, e.g., by showing c-myc down-regulation and GR up-
regulation. This lent credence to the validity of the larger
group of newly identified genes.

Promoter analysis of the regulated genes provided
provocative information on the mechanisms through which
steroids, particularly GC, and their receptors bring about gene
induction. Historically, from the fact that GC induced the
mouse mammary tumor virus from a regulatory region found
to contain a specific GRE nucleotide sequence to which the

GR bound with high affinity (23), it was concluded that such
sequences would be found in all corticoid-induced genes.
Careful analysis of the sequence led to the definition of the
pGRE, consisting of inverted nucleotide hexamers separated
by three nonspecific “spacer” nucleotides. Extensive work on
other receptors in the protein family related to the GR led to
the definition of other RE for each receptor class and “rules”
for their structure (24–28).

Soon we found that GR–GRE interaction alone was insuf-
ficient for induction. Other proteins were found to be involved
at the GR binding site and the nearby DNA in the phospho-
enol pyruvate carboxy kinase (PEPCK) and tyrosine amino
transferase genes, and the term GRU was proposed to indi-
cate this more complex, multiprotein regulatory region
(29,30). Elegant studies of the regulation of the PEPCK gene
showed that a GRU need not contain GRE recognizable by
its nucleotide sequence. In this case, the GR–DNA site bind-
ing, necessary for GC regulation of PEPCK transcription, re-
quires simultaneous binding of adjacent heterologous, site-
specific factors (31). Extensive work on several genes con-
firmed the general idea of a multiprotein complex, with the
discovery of chromatin-modifying proteins that tether to the
GR, on its GRE site (32).

Repression of transcription by the GR took a different
course. Although one or two “negative GRE” (nGRE) in the
regulatory DNA regions of specific genes were discovered (see
the references in Ref. 11), they did not prove to be common.
Repression also could be found in a case in which the GRE
overlapped the TATA box of the osteocalcin gene, so that the
GR and the essential TATA box-binding protein appeared to
show steric competition (33). But a potentially more general
mechanism of repression was revealed by the discovery that
the GR could interact with several important and common tran-
scription factors, such as the c-Jun component of AP-1, NFκB,
CREB, and C/EBP. Some of these interactions could occur
without DNA, but most often they were found to involve the
GR tethered by the heterologous factor to the heterologous
DNA site. In some cases, it was suggested that the GR simulta-
neously contacted a 1/2 GRE on the DNA (34,35).

It is not always recognized that a GRE need not be re-
quired for primary gene induction by the GR. In other words,
is the type of regulation seen in PEPCK an exception or is it
common? Our data suggest that primary GR-driven induction
often occurs in genes lacking a full pGRE or even a 1/2 GRE
in the –2.5 kb from the start of transcription. Several poten-
tial mechanisms could account for this. The GR could inter-
act with site-specific repressors to block their repressive ac-
tion. Or, as with PEPCK, the combination of GR with other
proteins could bind to sites not discernable as GRE by inspec-
tion to act as positive inducers. A recent analysis of genes re-
sponding to estrogen receptors concluded that about 1/3 of
the responsive genes bound estrogen receptors only indirectly
(36). This is consistent with our findings for GR-responsive
genes. Our data thus add to a growing body of evidence (35–37)
that gene induction by GC occurs at a variety of DNA sites,
many of which are not classical GRE.
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We conclude: (i) Comparisons of genes expressed by
closely related clones of human leukemic cells show that the
clone resistant to GC-induced apoptosis has a pattern of gene
expression broadly different from the sensitive clone. (ii) A
clone that has spontaneously reverted from resistance to sen-
sitivity has a pattern of gene expression close to that of its re-
sistant sister clone in the basal state. Dex causes a switch in
gene expression such that the gene expression pattern of the
revertant moves closer to that of the sensitive clone. This sug-
gests that a molecular master switch has changed the ability
of many genes to respond to the steroid. (iii) By a set of strin-
gent criteria, 38 Dex-induced and 21 Dex-repressed genes
have been identified that are distinct from the sensitive clones.
(iv) Promoter analysis of the regulated genes has revealed that
many lack classic GREs.
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ABSTRACT: It has been reported that, compared with TAG,
DAG suppresses postprandial hypertriacylglycerolemia and re-
duces visceral fat levels in experimental animals and humans. To
clarify the mechanism responsible for these beneficial effects, we
compared the lymphatic transport of 1,3-DAG, a major isomer of
DAG, and TAG in rats. Male SD rats, after insertion of a cannula
into the thoracic duct, were given 1,3-di[1-14C]oleoylglycerol or
tri[1-14C]oleoylglycerol via a stomach tube. The 24-h recovery of
the radioactivity from 1,3-di[14C]oleoylglycerol in the lymph was
slightly but significantly lower than that from tri[14C]oleoylglyc-
erol (81.3 ± 1.0 vs. 86.5 ± 1.2%, respectively). However, in the
first 1-h interval after administration, the recovery of radioactivity
from 1,3-dioleoylglycerol was almost half of that from trioleoyl-
glycerol (17.5 ± 2.0 vs. 31.1 ± 1.4%). The amount of TAG and
phospholipids secreted into the lymph was significantly lower 1
h after the administration of 1,3-dioleoylglycerol compared with
that after the administration of trioleoylglycerol. More than 90%
of the radioactivity recovered in the lymph in the first 3 h was dis-
tributed in the TAG fraction for both 1,3-dioleoylglycerol and tri-
oleoylglycerol. These results suggest that slower lymphatic trans-
port of 1,3-DAG compared with TAG could be a factor in the sup-
pression of postprandial hypertriacylglycerolemia. The possibility
that the slower lymphatic transport of DAG contributes to the anti-
obesity action observed in the feeding of 1,3-DAG cannot be ex-
cluded. 

Paper no. L9496 in Lipids 39, 827–832 (September 2004).

Because hyperlipidemia and obesity are risk factors of life
style-related diseases such as diabetes, hypertension, and car-
diovascular heart diseases, their prevention is an important
issue in human health. Several human studies have shown that
DAG, compared with the corresponding TAG, suppresses post-
prandial hypertriacylglycerolemia (1,2) and reduces body fat
mass as a long-term effect (3,4). Antiobese effects of DAG oil
have been demonstrated in obese model mice (5,6) and rats
(7,8) although there are some arguments on its efficacy in Wis-
tar rats (9,10). Murase et al. (5) proposed that the feeding of
DAG caused an increase in β-oxidation in the liver of rats.
However, since DAG is not known to reach the liver directly,
the issue of how DAG stimulates β-oxidation in the liver is un-
clear. Murata et al. (11) showed that, when DAG was adminis-
tered to the stomach of rats, the lymphatic transport of TAG

was lower than when TAG was given. The low intestinal ab-
sorption of DAG may be one of the causes of the reduction of
postprandial hypertriacylglycerolemia and body fat accumula-
tion. However, Taguchi et al. (12) reported that the fecal excre-
tion of lipids remained the same irrespective of whether DAG
or TAG was fed to rats, suggesting that the intestinal absorp-
tion of DAG and TAG are the same. The causes of this incon-
sistency are not understood.

In the present study, the rate of lymphatic secretion of lipids
after a stomach infusion of a DAG emulsion vs. a TAG emul-
sion was determined using [14C]-labeled TAG and 1,3-DAG in
rats that had been cannulated in the thoracic duct, as a means
to compare the lymphatic transport of DAG and TAG.

MATERIALS AND METHODS

Materials. Tri[1-14C]oleoylglycerol (98% purity, Amersham
Pharmacia Biotech, Tokyo, Japan) and 1,3-di[1-14C]oleoyl-
glycerol (97% purity, Amersham Pharmacia Biotech) were
kindly supplied by the Kao Co. Ltd. (Tokyo, Japan). The spe-
cific radioactivities were 492 MBq/mmol and 3.8 Gbq/mmol,
respectively. Trioleoylglycerol and 1,3-dioleoylglycerol were
purchased from Sigma (Tokyo, Japan). To prevent conversion
to 1,2-DAG by acyl migration, 1,3-dioleoylglycerol was stored
at −80°C upon receipt from the manufacturer. The other chem-
icals and reagents were purchased from Wako Pure Chemicals
(Osaka, Japan). 

Cannulation in the thoracic duct of rats. Male SD rats (8 wk
old, body weight 280–330 g) were obtained from Seac Yoshit-
omi (Fukuoka, Japan). After a 1-wk adaptation period, a cannula
was inserted into the left thoracic channel to collect lymphatic
fluid and a catheter was also inserted into the stomach (13,14).
After the surgery, a physiological solution containing 139 mM
glucose and 85 mM NaCl was continuously infused overnight at
a rate of 3.4 mL/h through the stomach cannula. The same solu-
tion was also provided as drinking water. On the next day, the
rats were infused with 3 mL of an emulsion in the form of a sin-
gle bolus through the stomach catheter. Emulsions containing 1
µCi 1,3-di[14C]oleoylglycerol or tri[14C]oleoylglycerol, 200 mg
1,3-dioleoylglycerol or trioleoylglycerol, 50 mg of FA-free albu-
min, and 200 mg of sodium taurocholate were prepared by ultra-
sonication. After infusing the DAG or TAG emulsions into the
rats, the infusion of the glucose/NaCl solution was continued.
Lymph was collected for analysis during the following intervals
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after the infusion: 0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–8, and 8–24
h. All aspects of the experiment were conducted according to the
guidelines provided by the ethical committees of experimental
animal care at Kyushu University.

Measurement of lipid concentrations in lymph. Lymphatic
TAG and total cholesterol concentrations were determined
using commercial kits supplied by Wako Pure Chemicals fol-
lowing the procedure recommended by the manufacturer.
Lipids were extracted and purified by the method of Bligh and
Dyer (15). The concentration of phospholipids was quantified
based on phosphorus content as reported previously (16). 

Separation of radioactivity in lipid fractions. Neutral lipid
subclasses were separated on silica gel type G TLC plates using
petroleum ether/diethyl ether/acetic acid (80:20:1, by vol)
(Wako Product, Osaka, Japan) as the eluent. The radioactivity
was measured with an imaging plate and bio-imaging analyzer
BAS 1000 system (Fuji Photograph Film Company Ltd., Kana-
gawa, Japan). 

Statistical analyses. All values are presented as the mean ±
SE. Significant differences in the means between the TAG and
DAG groups at each interval were established using Student’s
t-test at the level of P < 0.05 (17). 

RESULTS

Total recovery of radioactivity in lymph. Lymph flow rates were
141 ± 16 and 124 ± 10 mL/24 h in the TAG and DAG groups,
respectively. There was no significant difference between the
two groups. The cumulative recovery and secretion rate for
each interval for the radioactivity in the lymph are shown in

Figure 1. During the first 1 h after the administration of 1,3-
di[14C]acylglycerol, the recovery of radioactivity in the lym-
phatic fluid was almost half the amount obtained in the rats
after the administration of tri[14C]acylglycerol (17.5 ± 2.0 vs.
31.1 ± 1.4%). At 24 h after the infusion, the cumulative recov-
ery of radioactivity for the infusion of DAG was slightly but
significantly lower compared with that for TAG (81.3 ± 1.0 vs.
86.5 ± 1.2%).

Recovery of radioactivity in various lipid subfractions of
lymph. The recovery of radioactivity in various lipid fractions
of the lymph for the first three intervals is shown in Figure 2.
The recoveries of radioactivity in the TAG, DAG, and phos-
pholipid fractions were significantly lower in the case of the
DAG group than in the TAG group 1 h after ingestion. The re-
covery for the free cholesterol fraction was significantly higher
in the DAG group. The recovery for the esterified cholesterol
and FFA fractions was comparable between the two groups.
After these three intervals, no significant differences between
treatment groups were observed for any of these lipid fractions.

Distribution of radioactivity in lipid subfractions of lymph.
The distribution of radioactivity in TAG, phospholipids, free
cholesterol, FFA, and cholesterol esters is shown in Table 1 for
the first three intervals. More than 90% of the total radioactiv-
ity from both TAG and DAG was recovered in the TAG frac-
tion at every time interval. During 0–1 h, the percentage incor-
poration into TAG for the DAG group was significantly lower
and that for free cholesterol, FFA, and esterified cholesterol
was significantly higher than that in the TAG group. The dif-
ference in these values was less in later intervals, except for
free cholesterol.

828 T. YANAGITA ET AL.

Lipids, Vol. 39, no. 9 (2004)

FIG. 1. Cumulative recovery (A) and secretion rate for each interval (B) for 14C-radioactivity in the thoracic duct
lymph of rats infused with an emulsion containing 1,3-di[14C]oleoylglycerol or tri[14C]oleoylglycerol. Values are
expressed as the percent recovery of administered labeled dioleoylglycerol or trioleoylglycerol. Closed circles and
closed bars denote the trioleoylglycerol group, and open circles and open bars denote the 1,3-dioleoylglycerol
group. Each value represents the mean ± SE for seven rats. Values with a superscript “a” are significantly different
from the corresponding values of the rats infused with 14C-labeled trioleoylglycerol at P < 0.05.



Distribution of masses of various lipids in lymph. The
amounts of TAG, cholesterol, and phospholipids secreted in the
first three intervals after the infusion are shown in Figure 3. The
amounts of TAG and phospholipids secreted into the lymph
were significantly lower for the 0–1 h interval after the admin-
istration of dioleoylglycerol compared with that for trioleoyl-
glycerol. There were no differences between the two groups in
the rate of secretion of cholesterol into the lymphatic fluid. 

DISCUSSION

These results clearly show that the lymphatic recovery of ra-
dioactivity in the first hour after the administration of 14C-1,3-
dioleoylglycerol was almost half that for 14C-trioleoylglycerol,

and that this accounts for 14% of the total radioactivity ingested
(Fig. 1). The amount of TAG was also significantly lower in
the DAG group 1 h after administration (Fig. 3), and this dif-
ference tended to continue for 8 h after the administration.
However, the difference in total recovery at 24 h was only 5%,
because the recovery of radioactivity at 8–24 h tended to be
higher for the DAG group than in the TAG group (Fig. 1). More
than 90% of the radioactivity was present in the TAG fraction
for the administration of both dioleoylglycerol and trioleoyl-
glycerol (Table 1). These results indicate that most of the FA
that originate from dietary DAG are transported to the lymph
as TAG and that their transport is delayed, compared with that
for TAG. Taguchi et al. (1) and Tada et al. (2) showed that post-
prandial hypertriacylglycerolemia was suppressed when DAG
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FIG. 2. Recovery of radioactivity in various lipid fractions for the first three time intervals in
the thoracic duct lymph of rats infused with an emulsion containing 1,3-di[14C]oleoylglycerol
(open bars) or tri[14C]oleoylglycerol (solid bars).Values are expressed as the percent recovery
of administered labeled dioleoylglycerol or trioleoylglycerol. Each value represents the mean
± SE for seven rats. Values with a superscript “a” are significantly different from the corre-
sponding values for the rats infused with 14C-labeled trioleoylglycerol at P < 0.05.



was fed compared with TAG in humans. The present results
strongly suggest that the suppression in postprandial hypertri-
acylglycerolemia by dietary DAG is mainly the result of the
delayed transport of TAG from intestinal cells to the lymph.

In an earlier study, Murata et al. (11) followed the lymphatic
recovery of TAG for 5 h after the infusion of TAG or DAG.
They infused an emulsion containing DAG or TAG at a rate of
3 mL/h for 1 h and observed a lower recovery of TAG in the
case of DAG infusion, compared with the TAG, at 2–3 h after
the beginning of the infusion. Since they collected lymph for
only 5 h, the cumulative recovery of TAG was significantly
lower at 5 h in the DAG infusion. We conclude that the collec-
tion time for lymph was too short in that study to measure the
total recovery of TAG and DAG absorbed in the intestine.

It is well established that ingested TAG is hydrolyzed to 2-
MAG and FA in the small intestine (18). In contrast to TAG di-
gestion, it has been shown, in an intragastric infusion experi-
ment, that 1,3-DAG is hydrolyzed to 1- (or 3)-MAG and FA as
the result of digestion by pancreatic lipase (7,19). Since 1(3)-
monooleoylglycerol was detected in rat intestinal epithelial
cells after the intraduodenal infusion of 1,3-di[1-14C]oleoyl-
glycerol, it is possible that it is directly incorporated into in-
testinal epithelial cells (19). Alternatively, it is possible that
1(3)-MAG is further hydrolyzed to a FA and glycerol in the in-
testinal lumen (19). 2-MAG is readily re-esterified to TAG in

intestinal cells through the 2-MAG pathway (18). Although the
direct pathway involved with the synthesis of TAG from 1(3)-
MAG in intestinal cells is not known with certainty, it is
thought that the 1(3)-MAG may be hydrolyzed to FA and glyc-
erol in such cells. When 14C-linoleic acid and 1(3)-MAG were
incubated with intestinal epithelial cells, the radioactivity was
detected as 1,3-DAG (19). Therefore, at least part of the 1(3)-
MAG incorporated into intestinal epithelial cells may be enzy-
matically converted to 1,3-DAG. However, since the synthesis
of TAG from 1,3-DAG is much lower than that from 1,2-DAG
(15), 1,3-DAG must eventually be hydrolyzed to 1(3)-MAG,
and then glycerol and FFA by yet unidentified lipases, which
are known to be present in intestinal cells.

Most of the dietary 1,3-DAG are hydrolyzed to FFA and
glycerol in intestinal cells. Although the TAG content of chy-
lomicrons after the ingestion of DAG was slightly lower than
that after the TAG ingestion, the majority of the chylomicron
lipids were TAG (Table 1). These results indicate that most of
the ingested DAG is resynthesized to TAG after its hydroly-
sis to FFA. Because 2-MAG cannot be supplied in sufficient
quantity during the absorption of 1,3-DAG, TAG synthesis
may proceed via the glycerol-3-phosphate pathway, which is
less active than the 2-MAG pathway (18). Thus, the reduced
rate of TAG synthesis could be a factor in the slow rate of
TAG secretion to the lymph.
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TABLE 1
Compositiona of Radioactivity Incorporated into Lymphatic Lipids After Infusion (%)

Infused lipid TAG Phospholipids Free cholesterol FFA Esterified cholesterol

0–1 h
Trioleoylglycerol 96.2 ± 0.2 1.3 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 0.8 ± 0.1
1,3-Dioleoylglycerol 93.4 ± 0.2* 1.1 ± 0.1 1.8 ± 0.1* 1.2 ± 0.1* 1.5 ± 0.1*

1–2 h
Trioleoylglycerol 95.2 ± 0.3 2.1 ± 0.1 0.2 ± 0.1 0.6 ± 0.1 1.3 ± 0.2
1,3-Dioleoylglycerol 94.1 ± 0.4 1.9 ± 0.1 1.1 ± 0.1* 0.9 ± 0.1 1.5 ± 0.1

2–3 h
Trioleoylglycerol 90.5 ± 1.5 4.7 ± 0.7 0.2 ± 0.1 1.0 ± 0.2 2.9 ± 0.7
1,3-Dioleoylglycerol 91.7 ± 0.8 3.4 ± 0.4 0.7 ± 0.2* 1.0 ± 0.1 2.6 ± 0.5

aValues are means ± SE for seven rats. Asterisk (*) indicates significant difference at P < 0.05 from the corresponding values
for the rats infused with [14C]-labeled trioleoylglycerol. 

FIG. 3. Distribution of TAG mass (A), total cholesterol (B), and phospholipids (C) in the thoracic duct lymph in rats
infused with an emulsion containing 1,3-di[14C]oleoylglycerol (open bars) or tri[14C]oleoylglycerol (solid bars).
Each value represents the mean ± SEM for seven rats. Values with a superscript “a” are significantly different from
the corresponding values for the rats infused with 14C-labeled trioleoylglycerol at P<0.05.



Our results show that the total 24-h recovery of di[1-
14C]oleoylglycerol was about 5% lower than that of tri[1-
14C]oleoylglycerol. Taguchi et al. (12) reported that the fecal
excretion of FA after the feeding of DAG was almost the same
as that for TAG, suggesting that the intestinal absorption of
DAG is comparable to that of TAG. There are three possible
causes for the slightly lower recovery of FA from 1,3-DAG in
the lymph. First, a portion of the FA from DAG might have
been transferred to the portal vein. Watanabe et al. (7) reported
an increase in portal venous FA after the ingestion of DAG
compared with TAG. They proposed that FA transported via
the portal vein might undergo preferential β-oxidation in the
liver (7). It is well-known that medium-chain FA are trans-
ported via the portal vein to the liver and are also preferentially
β-oxidized. Although it is well established that most long-chain
FA are nearly quantitatively absorbed as chylomicron TAG via
the lymph (20), the portal venous transport of long-chain FA
has been reported (21). It has been reported that the partition-
ing of long-chain FA between portal blood and lymph is depen-
dent on the luminal milieu, the polarity of the FA and the rate
of absorption (21). Therefore, the possibility that slower lym-
phatic secretion after DAG infusion might have increased the
amount of FA partitioned to portal venous transport cannot be
ruled out. 

Second, the possibility that a portion of the FA from DAG are
β-oxidized in intestinal cells cannot be excluded. Murase et al.
(6) reported that, when DAG was fed to mice for 10 d, intestinal
β-oxidation was stimulated. They also observed an increase in
the expression of acyl-CoA oxidase mRNA, medium-chain acyl-
CoA dehydrogenase mRNA, and uncoupling protein-2 mRNA
in the intestine. We observed that when 1,3-di[1-14C]oleoylglyc-
erol or tri[1-14C]oleoylglycerol was intragastrically administered
to rats cannulated in the thoracic duct, a small but significantly
higher radioactivity originating from 1,3-dioleoylglycerol was
detected in the free cholesterol fraction of lymph lipids compared
with that from TAG (Fig. 2). Therefore, the possibility that a
small portion of [1-14C]oleic acid released from di[1-14C]oleoyl-
glycerol was more effectively β-oxidized to acetyl CoA than that
from TAG and then utilized as a substrate for cholesterol synthe-
sis cannot be excluded.

Third, the intestinal absorption of DAG over a 24-h period
might be less effective than that of TAG under the experimen-
tal conditions used here because the lymphatic transport of
DAG was delayed. The lymphatic recovery of radioactivity at
8–24 h after the administration of DAG tended to be higher
than that of TAG as shown in Figure 1. This suggests that a
longer time might be required for the complete transport of ra-
dioactivity from DAG than from TAG. Therefore, if lymph
were to be collected for more than 24 h, a greater fraction of
the total radioactivity might be recovered in the DAG group
than in the TAG group. 

Dietary DAG reportedly has antiobesity activity and pre-
vents postprandial hypertriacylglycerolemia in experimental
animals and humans (1,3,5–7), and mechanisms have been pro-
posed. Murata et al. (22) and Murase et al. (5) reported that he-
patic β-oxidation may possibly be stimulated by the feeding of

DAG compared with TAG in rats and mice. However, the issue
of how dietary DAG stimulates hepatic β-oxidation has never
been clearly explained. Both reports indicated that the feeding
of DAG reduced hepatic TAG levels in rats and mice. Recently,
Murase et al. (6) showed that intestinal β-oxidation was en-
hanced after the feeding of DAG in mice. Watanabe et al. (7)
showed that postprandial oxygen consumption was increased
in rats that were fed DAG for 7 d, compared with those fed
TAG. These observations suggest that dietary DAG may acti-
vate hepatic and intestinal β-oxidation, thus increasing energy
expenditure.

We propose here an alternative mechanism for the antiobese
activity of DAG. Our findings indicate that the lymphatic trans-
port of chylomicron TAG in rats that are fed DAG is delayed.
This may be the reason why DAG suppresses postprandial hy-
pertriacylglycerolemia in rats and humans (1,7). The delayed
lymphatic transport of DAG, compared with TAG, may be an
important determinant in preventing the accumulation of body
fat. Han et al. (23,24) pointed out that slower absorption of di-
etary fat prevents body fat accumulation in mice. A nibbling
meal pattern, in contrast to a gorging meal pattern, suppresses
body fat accumulation in humans and experimental animals
(25–27). Postprandial hypertriacylglycerolemia would be pre-
dicted to be higher in the case of a gorging meal pattern com-
pared with a nibbling meal pattern. However, since these hy-
potheses cannot necessarily be experimentally proved, studies
are now in progress to investigate the mechanism associated
with the delayed lymphatic transport of FA from dietary DAG,
which causes the suppression of body fat accumulation. 
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ABSTRACT: We compared the effects of three different high-lipid
diets on plasma lipoproteins and phospholipids in mink (Mustela
vison). The 18 mink studied were fed one of the three diets during
a 25-d period in a parallel group design. The compared diets had
0, 17, and 67% extracted lipids from natural gas-utilizing bacteria
(LNGB), which were rich in PE. The group with 0% LNGB was fed
a diet for which the lipid content was 100% soybean oil. The total
cholesterol, LDL cholesterol, and HDL cholesterol of animals con-
suming a diet with 67% LNGB (67LNGB-diet), were significantly
lowered by 35, 49, and 29%, respectively, and unesterified cho-
lesterol increased by 17% compared with the animals fed a diet of
100% lipids from soybean oil (SB-diet). In addition, the ratio of LDL
cholesterol to HDL cholesterol was 27% lower in mink fed the
67LNGB-diet than those fed the SB-diet. When the mink were fed
the 67LNGB-diet, plasma PC, total phospholipids, lysoPC, and PI
were lowered significantly compared with the mink fed a SB-diet.
Plasma total cholesterol was correlated with total phospholipids as
well as with PC (R = 0.8, P < 0.001). A significantly higher fecal
excretion of unesterified cholesterol, cholesteryl ester, PC, lysoPC,
and PE was observed in the 67LNGB-fed mink compared with the
SB-fed mink. We conclude that phospholipids from the 67LNGB-
diet decreased plasma lipoprotein levels, the LDL/HDL cholesterol
ratio, and plasma phospholipid levels, especially lysoPC and PC,
compared with the highly unsaturated soybean oil. Our findings
indicate that the decrease of plasma cholesterol is mainly caused
by a specific mixture of phospholipids containing a high level of
PE, and not by the dietary FA composition. The lack of significant
differences in the level of plasma PE due to the diets indicates that
most of the PE from LNGB has been converted to PC in the liver.
Thus, plasma cholesterol may at least be partly regulated by phos-
pholipid methylation from PE to PC in the liver.

Paper no. L9551 in Lipids 39, 833–841 (September 2004).

The main dietary lipids are TAG, but small amounts of phos-
pholipids occur in most foods (1). Egg yolks, meat, fish, dairy

products, and several grains are relatively rich in phospho-
lipids (2). 

Bacterial protein meal (BioProtein), produced by natural
gas-utilizing bacteria (3), contains a high level of crude pro-
tein (70%) and also a high level of lipids (10%). Four differ-
ent bacteria—Methylococcus capsulatus (Bath) (88%), Alcali-
genes acidovorans (12%), Bacillus brevis (0.3%), and B. fir-
mus (0.2%)—have been grown using natural gas (99%
methane), ammonia, and mineral salts as fermentation sub-
strates (3). Methanotrophs (methane-oxidizing bacteria) such
as M. capsulatus are unique in their abilities to utilize
methane as their sole source of carbon and energy, and they
oxidize methane to carbon dioxide for energy generation and
biomass production (4). Phospholipids are the main lipid
components in M. capsulatus. PE constitutes 74% of the total
phospholipids of M. capsulatus, with phosphatidylglycerol
(PG) (13%), PC (8%), and cardiolipin (CL) (5%) making up
the rest of the phospholipids, with a FA composition that is
predominantly 16:0 and 16:1 (5). 

Studies on the effects of dietary phospholipids on plasma
lipoproteins have been few compared with the studies on the ef-
fects of TAG. Published studies show conflicting results on the
effects of different exogenous phospholipids on plasma choles-
terol in both rats and humans (6–11). It has been suggested that
dietary PE and ethanolamine markedly lower plasma lipopro-
tein levels (6–8) and that free ethanolamine may slightly reduce
serum TAG (6,12). Comparisons of a diet supplemented with
egg yolk phospholipid containing PE and PC, a diet supple-
mented with soybean PC preparations, and a diet with no sup-
plements showed that the egg yolk supplement decreased serum
total cholesterol whereas soybean PC preparations showed no
effect on serum lipoproteins (6). Additionally, ethanolamine re-
duced total plasma cholesterol in rats (8). A study with rats  fur-
ther showed that dietary PE decreased serum cholesterol, HDL
cholesterol, and phospholipids but had no significant influence
on the concentration of lipids in the LDL cholesterol fraction
(7). The latter study also indicated that the capacity of PE to re-
duce plasma cholesterol is not mainly caused by the dietary FA
composition. 

The cholesterol-reducing capacity of PC (lecithin) intake
is controversial. A meta-analysis showed no evidence for a
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specific effect of PC on total plasma cholesterol, independent
of its linoleic acid content (11). Knuiman et al. (11) concluded
that any cholesterolemic response to PC could be due to its
content of linoleic acid. The effects of PC on HDL choles-
terol were not the focus of the meta-analysis (11), but other
studies have shown that soybean PC may increase HDL cho-
lesterol (13,14). 

The mechanism involved in a possible plasma cholesterol-
lowering effect of dietary PE or ethanolamine has not been
established. In a recent study, Noga and Vance (15) suggested
that PE methyltransferase (PEMT) activity plays a role in reg-
ulating the levels of plasma lipoproteins. However, the role
of PEMT-derived PC in lipoprotein secretion and metabolism
is not entirely understood. In the liver, PC is synthesized ei-
ther through the cytidine diphosphate (CDP)-choline pathway
or by PE methylation via PEMT (16). The CDP-choline path-
way is the major pathway for the biosynthesis of PC in all
mammalian nucleated cells (16). S-Adenosylmethionine is
the major methyl-group donor in the stepwise methylation of
PE to PC (16), although choline also has shown to be a methyl
donor in the PEMT-catalyzed reaction (17). Sehayek et al.
(18) have suggested that local canalicular membrane PC
biosynthesis, in concert with the phospholipid transporter
mdr2 and scavenger receptor class B type 1, promotes excre-
tion of phospholipid and cholesterol into the bile.

Dietary intake of lipids extracted from natural gas-utiliz-
ing bacteria can possibly influence plasma cholesterol and the
predicted risk of coronary heart disease. The relationships
among different dietary phospholipids with regard to plasma
cholesterol remain to be elucidated. No other studies have
been published on the effects of plasma lipoproteins and
phospholipids in lipids from LNGB rich in PE. The aim of the
present study was to study the effects of dietary LNGB phos-
pholipids on plasma lipoproteins and classes of phospho-
lipids, compared with a control diet containing soybean oil as
the major fat source. Mink (Mustela vison) were used as
model animals for other mammals, because of considerations
such as availability of animals and research facilities, and the
mink’s natural adaptation to a moist diet with a high lipid con-
tent (19). 

MATERIALS AND METHODS

Lipids extracted from bacterial protein meal. Bacterial pro-
tein meal (BioProtein), used for the lipid extraction, was pro-
duced by continuous aerobic fermentation using natural gas
as the carbon and energy source, and ammonia as the nitro-
gen source for protein biosynthesis (Norferm AS, Stavanger,
Norway) (3). The bacterial culture consisted of prokaryotic
bacteria containing 88% M. capsulatus (Bath), with smaller
amounts of A. acidovorans (12%), B. brevis (0.3%), and B.
firmus (0.2%) (3). This biomass was subjected to a short heat
treatment at 140°C to produce a sterile product of dead bacteria,
which was then spray-dried to form a reddish-brown meal
with about 96% dry matter (3) and a particle size of 150–200
µm. The lipids from the biomass were extracted by 2:1 chlo-

roform/methanol (vol/vol) (20). After mixing with the bacter-
ial protein meal, the solvent was tapped from the mixing tank
into several filter bags with 5 µm pore size. The extraction
was performed twice, and the rest of the solvent was removed
by mixing the lipids at reduced pressure and high tempera-
ture. The lipid extraction was performed at Natural ASA
(Hovdebygda, Norway).

Animals and diets. Eighteen farm-bred male mink (M.
vison) of genotype standard dark (21), with birth dates be-
tween the 1st and 15th of May 2002, were randomized and
fed one of three diets for a 25-d period in a parallel group de-
sign at the Department of Animal and Aquacultural Sciences
at the Agricultural University of Norway. The study ran from
October 25 to November 25, 2002. The body weight of the
animals was monitored before they entered the experiment
and at the end of the study period. The average initial weight
of the mink was 2221g (SD ± 316). There were no significant
differences in the initial weights of the treatments groups.
During a 7-d digestibility experiment (the first week of the
study), the animals were housed individually in net cages (51
× 39 × 49 cm) designed for metabolic experiments with de-
vices to minimize contamination of feces with urine and to
catch spilled feed. The temperature was kept constant at
13°C, and the daily light–dark cycle was controlled by photo-
cells and adapted to a natural photoperiod. After the di-
gestibility experiment, the mink were kept under conven-
tional farm housing conditions in net cages (75 × 30.5 × 38
cm), equipped with wooden nest boxes (35 × 26 × 22 cm)  to
provide a secluded rest area, for the remainder of the experi-
mental period. 

The three high-lipid diets were planned using a computer-
based optimization program and were designed to have the
same nutrient composition (Table 1), with each diet contain-
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TABLE 1 
Composition of Experimental Diets (g kg–1)

SB- 17LNGB- 67LNGB-
Ingredient dieta dietb dietc

Cornstarch 62.9 62.9 62.9
Coalfish fillet 611.5 651.4 651.4
Soybean oil 91.4 61.0 15.3
Lipids from natural gas-utilizing bacteria — 30.5 76.2
Sunflower oil 2.29 2.29 2.29
Vitamin/mineral mixd 0.84 0.84 0.84
BHT (100 mg/kg) 0.08 0.08 0.08
Calcium phosphate 1.63 1.63 1.63
Calcium carbonate 1.85 1.85 1.85
Water 227.5 187.7 187.7
Gross energye (kJ/g, dry weight) 24.53 25.43 22.69
Total feed intake (g/d) 241.9 249.0 235.1
aDiet with 100% soybean oil (SB) as lipid source.
bDiet with 17% of lipids from natural gas-utilizing bacteria (LNGB) and 83%
from SB. 
cDiet with 67% LNGB and 33% SB. 
dAS Norsk Mineralnæring, Hønefoss, Norway, containing per kg diet: vitamin
A, 504 µg; vitamin D3, 4.2 µg; vitamin E, 42 mg; thiamine, 12.6 mg; riboflavin,
2.5 mg; vitamin B6, 2.5 mg; vitamin B12, 17 µg; pantothenic acid, 2.5 mg;
niacin, 4.2 mg; biotin, 25 µg;  folate, 0.25 mg; iron, 17 mg; zinc, 6 mg; man-
ganese, 12.6 mg; copper, 1 mg.
eDetermined on freeze-dried samples by bomb calorimetry.



ing adequate quantities of all nutrients known to be required
by mink (22). Each diet had 29.7% energy (E%) derived from
protein and 14.5% from carbohydrates. The three tested diets
differed in their amounts of TAG, phospholipids, and individ-
ual FA. The lipids from the background diets were planned to
provide a minimal amount of 1.14 E% lipids, whereas the test
lipids were planned to provide 54.6 E% in the diets. Two dif-
ferent test lipids were used in the three diets: soybean oil (in
the control diet) and lipids extracted from BioProtein. The
three high-lipid diets contained the following added lipids: (i)
100% soybean oil (SB-diet), (ii) 83% soybean oil plus 17%
extracted LNGB (17LNGB-diet), and (iii) 33% soybean oil
and 67% extracted LNGB (67LNGB-diet). The lipids from
BioProtein, which were solid at room temperature, were
mixed with the soybean oil and heated before mixing with
other ingredients. 

Experimental design. All the mink consumed one of the
three diets for 25 d. During the first week the mink were indi-
vidually fed rations providing 1100 kJ of metabolizable en-
ergy per animal per day. Thereafter, the mink were fed ad li-
bitum three times a day for the rest of the feeding period.
Water was available ad libitum. The diets were stored at
–20°C and thawed in a refrigerator for 24 h before feeding.
Feces were stored at –20°C, and the diets and the feces were
freeze-dried before analyses. Animal care followed the guide-
lines given by the Norwegian Animal Research Authority.
National protocols of ethical standards concerning experi-
ments involving animals were followed regarding animal care
and method of sacrifice. The animals were killed by electro-
cution at the end of the experiment. 

Bomb calorimetry. Duplicate portions of the three freeze-
dried homogenates corresponding to an estimated intake of
1100 kJ were analyzed by a Parr 1281 bomb calorimeter (Parr
Instrument Company, Moline, IL).

Chemical analysis of diets. Duplicate samples were taken
from the three diets and frozen at –20°C, freeze-dried, and
homogenized. The nitrogen content was determined by the
Kjeldahl technique. The factor used for conversion of nitro-
gen content to crude protein was 6.25. Starch content (includ-
ing free glucose) was determined as glucose after hydrolysis
by α-amylase and amyloglucosidase as described by Mc-
Cleary et al. (23). 

The total fat content was determined gravimetrically after
Bligh and Dyer extraction (24). The lipid phase was slowly
evaporated under nitrogen (Hydro Gas, Oslo, Norway), and
the lipids were redissolved in 1 mL of benzene (p.a.; Merck
KGaA, Darmstadt, Germany). 

FA analysis. The FA extracted from diets and plasma were
converted to methyl esters using a modified version of a
method described by Mason and Waller (25) and analyzed by
GLC.

One milliliter of 3 N methanolic hydrochloric acid (Su-
pelco, Bellefonte, PA) and 200 µL of 2,2-dimethoxy propane
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were
added to the benzene solutions in 20-mL reagent tubes. The
tubes were flushed with nitrogen, sealed, and left overnight at

room temperature. FAME were subsequently extracted in 0.5
mL of isooctane (p.a.; Merck KGaA) and the reagent tubes
were filled with a saturated solution of sodium chloride (p.a.;
Merck KGaA). The isooctane layer was transferred to new
vials, 1 mL of a 2% solution of sodium hydrogen carbonate
(p.a.; Merck KGaA) in distilled water was added, and the
phases were thoroughly mixed. The isooctane layer was again
transferred to new tubes and dried with anhydrous sodium
sulfate (p.a., Merck KGaA) prior to analysis. 

One microliter of the FAME solutions was injected split-
less into a gas chromatograph (HP model no. G1530A)
equipped with an autosampler (HP 6890 Series Injector) and
FID. The analytes were separated on a BPX70 column  (0.25
mm i.d., 60 m, 0.25 µm film; SGE, Melbourne, Australia)
with helium as the carrier gas, using a temperature program
of 70°C for 1 min, increasing at 30°C min–1 to 170°C, then
1.5°C min–1 to 200°C, and at 3°C min–1 to 220°C, with a final
hold of 5 min. Peaks were integrated with HP GC ChemSta-
tion software (rev. A.05.02) and identified by comparison of
the retention times with those of pure standards.

Phospholipid, free cholesterol, and cholesteryl ester analy-
sis. The extracted phospholipids from diets and plasma were an-
alyzed by quantitative high-performance TLC  (HPTLC) using
a modified version of two methods described by Macala et al.
(26) and Ruiz and Ochoa (27). Just prior to the analyses, the
samples were dried under N2 and redissolved in a defined vol-
ume of chloroform/methanol (2:1 vol/vol). Samples and a quan-
titative standard mixture (a six-point standard curve ranging
from 160 to 2500 ng was applied on each plate) were applied
on prewashed and activated silica HPTLC plates (Silica Gel-60;
Merck GmbH) using a Desaga AS-30 HPTLC applicator (De-
saga GmbH, Wiesloch, Germany). The standard mixture in the
analysis of plasma phospholipids contained egg yolk sphin-
gomyelin (SM), dioleoyl-PC, dioleoyl-PI, dioleoyl-PS, and di-
oleoyl-PE (Avanti Polar Lipids, Alabaster, AL). For the analy-
sis of phospholipids in the diet, dioleoyl-PC, dioleoyl-PI, di-
oleoyl-PS, dioleoyl-PE, dioleoyl-PG, and CL from Escherichia
choli (Avanti Polar Lipids) were used. In the analysis of phos-
pholipids, the HPTLC plates were developed in chloroform/
methanol/acetic acid/formic acid/dH2O (70:30:12:4:2 by vol),
and in the analysis of dietary phospholipids, development was
carried out in three consecutive runs in methyl acetate/n-
propanol/chloroform/methanol/aqueous 0.25% KCl (25:25:28:
10:7), increasing the length of the development by 2 cm for each
run. Analyses of cholesteryl esters and free cholesterol were
performed using a solvent system consisting of heptane/diethyl
ether/formic acid (85:15:1) with a standard curve consisting of
cholesteryloleate and free cholesterol (Sigma, St. Louis). De-
velopment was performed in a Camag Horizontal TLC-cham-
ber (Camag, Muttenz, Switzerland). Following development,
the plates were soaked with charring reagent (633 mM CuSO4⋅5
H2O in 8% phosphoric acid (Sigma) and heated at 160°C for 6
min. Quantification was performed through densitometry at 420
nm, using a Desaga CD-60 HPTLC densitometer in reflectance
mode (Fig. 1). R2 values for the regression line were never
below 0.991; interassay variability was 8% and intra-assay

LIPIDS FROM METHANOTROPHS, CHOLESTEROL, AND PHOSPHOLIPIDS IN MINK 835

Lipids, Vol. 39, no. 9 (2004)

 



variability was 5%. All standards used were of 99% purity or
higher. 

Blood sampling and analyses. Blood samples were taken
after an overnight fast in Na-heparin vacuum tubes immedi-
ately after electrocution and chilled on ice. Plasma was ob-
tained by low-speed centrifugation for 15 min at 3000 × g
within 15 min of heart puncture and the plasma was quickly
separated and pipetted into plastic vials and stored at –80°C
until analyzed. 

Plasma cholesterol and serum TAG were measured by en-
zymatic methods (28,29) using Cobas® Integra enzyme kits
and automated analyzer equipment (Cobas Mira, Hoffman-
La Roche & Co., Basel, Switzerland). Plasma HDL choles-
terol was measured by a similar enzymatic technique (28)
after complexing the LDL, VLDL, and chylomicron fractions
by polyanions (ABX Diagnostics HDL Cholesterol Direct)
and using the same equipment as described above. LDL cho-
lesterol was calculated using the Friedewald equation (30).
The interassay coefficients of variation were the following:
total cholesterol 2%, HDL- cholesterol 5%, TAG 3%.

Statistical methods. Data were analyzed by one-way
ANOVA. P values <0.05 were considered significant. The
Bonferroni method was used for a pairwise comparison be-
tween the three diet groups and for calculation of 95% confi-
dence limits for the differences between the diets. The Bon-
ferroni method encompasses a downward adjustment of sig-
nificance limits for the differences between the diets. All
P-values are two-tailed. Correlation coefficients  (Pearson)
between levels of plasma lipoproteins and classes of phos-
pholipids are presented. The statistical package SPSS 11.0
(SPSS Inc., Chicago, IL) was used for the data analysis.

RESULTS

The gross energy level was slightly lower in the 67LNGB-
diet than in the other two diets (Table 1). The feed intake

(Table 1) and the final body mass did not differ significantly
among the three groups. 

When LNGB replaced soybean oil, dietary levels of oleic
acid (18:1c,n-7) and linoleic acid (18:2c,n-6) were lower, and
levels of palmitic acid (16:0) and palmitoleic acid (16:1, n-7),
16:1n-6, and 16:1n-5 were higher (Table 2). The LNGB-diets
had a higher content of phospholipids than the SB-diet, and
PE constituted a substantially higher percentage of the total
phospholipids in the LNGB diets than in the SB-diet (Table
3). In the animals fed the 67LNGB-diet, total cholesterol,
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FIG. 1. Representative high-performance thin-layer chromatogram of
classes of phospholipids. (A) Plasma phospholipids: Lane I is a reference
mixture, lane II is the soybean oil-diet (SB-diet), lane III is the diet with
17% lipids from natural gas-utilizing bacteria (17LNGB), and lane IV is
the diet with 67% lipids from natural gas-utilizing bacteria (67LNGB-diet).
(B) Phospholipids in the diet: Lane I is the SB-diet, lane II is the 17LNGB-
diet, and lane III is the 67LNGB-diet. SM, sphingomyelin; PG, phos-
phatidylglycerol; application, sample application point.

TABLE 2  
FA Composition of the Diets (mol% total FA)

FA SB-dieta 17LNGB-dietb 67LNGB-dietc

14:0 0.2 0.4 1.2
14:1 — — 0.2
16:0 11.6 14.0 24.7
16:1t,n-7 0.1 0.5
16:1c,n-7 0.3 2.6 12.6
16:1c,n-6 0.1 0.9 4.8
16:1c,n-5 0.1 0.5 2.3
18:0 3.5 3.3 2.3
18:1c,n-9 19.5 17.9 11.4
18:1c,n-7 1.5 1.4 1.1
18:2c,n-6 53.3 48.4 29.9
18:3c,n-3 5.7 5.1 3.0
20:0 0.4 0.3 0.2
20:1c,n-9 0.4 0.4 0.3
20:4c,n-6 0.1 0.1 0.1
20:5c,n-3 0.6 0.7 0.8
22:0 0.4 0.4 0.2
22:1c,n-11 0.2 0.1 0.1
22:5c,n-3 0.1 0.1
22:6c,n-3 1.6 2.4 2.9
24:0 0.2 0.1 0.1
P/Sd 3.76 3.06 1.28
aDiet with 100% SB.
bDiet with 17% LNGB and 83% SB. 
cDiet with 67% LNGB and 33% SB. 
dPolyunsaturated/saturated ratio. For other abbreviations see Table 1.

TABLE 3 
Phospholipid Content of the Diets (mg/g) (% of total phospholipids in
parentheses)a

SB- 17LNGB- 67LNGB-
dietb dietc dietd

PC 3.3 ± 0.3 10.6 ± 0.8 25.7 ± 2.1
(74) (60) (44)

PI 0.4 ± 0.0 0.7 ± 0. 1 1.8 ± 0.2
(9) (4) (3)

PE 0.04 ± 0.0 2.6 ± 0.3 19.3± 2.3
(1) (15) (33)

Phosphatidylglycerol 0.7 ± 0.1 3.3 ± 0.3 8.8± 1.0
(17) (19) (15)

Cardiolipin Traces 0.4 ± 0.0 2.9 ± 0.2
(2) (5)

PE/PC ratio 0.01 0.25 0.75
aValues given as mean ± SD.
bDiet with 100% SB.
cDiet with 17% lipids from LNGB and 83% SB. 
dDiet with 67% LNGB and 33% SB. For abbreviations see Table 1.



LDL cholesterol, and HDL cholesterol were significantly
lower, and unesterified cholesterol (as a percentage of total cho-
lesterol) was significantly higher than in animals fed the
17LNGB-diet or the SB-diet (Table 4). No significant differ-
ences in the levels of total cholesterol, LDL cholesterol, HDL
cholesterol, unesterified cholesterol (as a percentage of total
cholesterol), or TAG were found between  the 17LNGB-diet-
fed animals and the SB-diet-fed animals. The ratio of LDL cho-
lesterol to HDL cholesterol was significantly lower in mink fed
the 67LNGB-diet than it was in mink fed the SB-diet. 

No statistically significant differences among the three
diets were found in plasma TAG and VLDL cholesterol in the
present population (n = 6).

Plasma total phospholipids, PC, lysoPC, and PI were sig-
nificantly lower in the 67LNGB-fed mink than in the mink
fed solely with soybean oil (Table 5). Plasma SM was also
lower in the mink on the 67LNGB-diet than the mink on the
SB-diet, but the difference was below statistical significance
(P = 0.06, Bonferoni adjusted). The highest percentage dif-
ference in the phospholipid classes in lysoPC and PC was ob-
served between the 67LNGB-fed mink and the SB-fed mink.

No significant differences in the concentration of plasma PE
were found due to the diets (Table 5). However, PE consti-
tuted a significantly higher portion of the total phospholipids
(Table 6) and PE/PC (Table 6), and plasma PE/total choles-
terol ratios (Table 5) were also significantly higher for the
67LNGB-fed mink than for the SB-fed mink.

Plasma total cholesterol, LDL cholesterol, and HDL cho-
lesterol were significantly correlated with total phospholipids,
PC, lysoPC, SM, and PI (Table 7). There were no significant
correlations between plasma total cholesterol and PE, LDL
cholesterol and PE, or HDL cholesterol and PE. Fecal excre-
tion of unesterified cholesterol, cholesteryl ester, PC, lysoPC,
and PE (Table 8) was higher for the mink that were fed the
67LNGB-diet than those fed the SB-diet; it was also signifi-
cantly higher in mink fed the 67LNGB-diet than those fed the
17LNGB-diet.

DISCUSSION

The most interesting findings of the present study were that
dietary LNGB rich in PE, lowers total, LDL, and HDL choles-
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TABLE 4 
Plasma Lipoprotein Levels (mmol/L) and Unesterified Cholesterol (% of total cholesterol) at
the End of the Dietary Test Perioda,b

SB-dietc 17LNGB-dietd 67LNGB-diete

Total cholesterol 6.76 ± 0.88a 6.51 ± 0.40c 4.43 ± 0.66a,c

Unesterified  cholesterol 17.9 ± 1.22d 15.6 ± 1.69a 20.9 ± 1.53a,d

LDL cholesterol 1.87 ± 0.38a 1.67 ± 0.41b 0.95 ± 0.23a,b

HDL cholesterol 4.52 ± 0.41a 4.50 ± 0.26c 3.22 ± 0.50a,c

LDL/HDL cholesterol 0.41 ± 0.06e 0.37 ± 0.10 0.30 ± 0.05e

TAG 0.84 ± 0.36 0.76 ± 0.18 0.58 ± 0.10
VLDL cholesterol 0.37 ± 0.16 0.34 ± 0.82 0.26 ± 0.05
aAdjustment for multiple comparisons: Bonferroni.
bValues given as mean ± SD, n = 6. Means with common superscripts differ: a,c, P < 0.001; b,
P < 0.009; d, P = 0.014; e, P = 0.048.
cDiet with 100 % SB.
dDiet with 17% lipids from LNGB and 83% SB. 
eDiet with 67% LNGB and 33% SB. For abbreviations see Table 1.

TABLE 5 
Plasma Phosolipid Composition and Ratios (µg/mL)a–c

SB-dietd 17LNGB-diete 67LNGB-dietf

Total phospholipids (PL) 4200 ± 1137b 3722 ± 558 2685 ± 251.0b

PC 3475 ± 1003b 3072 ± 506 2162 ± 256b

LysoPC 114 ± 22a 97 ± 15 61 ± 31a

Sphingomyelin (SM) 393 ± 110e 337 ± 49.6 280 ± 10e

PI 141 ± 31c 124 ± 21 99 ± 10c

PE 77 ± 24 94 ± 23 83 ± 21
PE/PC ratio 0.022 ± 0.005d 0.031 ± 0.010 0.039 ± 0.010d

PL/total cholesterol ratio 601 ± 92 570 ± 64 639 ± 99
PC/total cholesterol ratio 497 ± 86 470 ± 58 515 ± 88
PE/total cholesterol ratio 11.0 ± 2.79a 14.4 ± 3.6 19.4 ± 3.5a

aAdjustment for multiple comparisons: Bonferroni.
bValues given as mean ± SD, n = 6. Means with common superscripts differ: a, P < 0.001; b, P < 0.02;
c, P = 0.03; d, P = 0.039.
cP = 0.062 (P = 0.021 without Bonferroni adjustment).
dDiet with 100% SB.
eDiet with 17% lipids from LNGB and 83% SB. 
fDiet with 67% LNGB and 33% SB. For abbreviations see Table 1.



terol compared with soybean oil. These decreasing effects on
plasma LDL and HDL cholesterol are unlikely to be due to
FA composition. The 67LNGB-diet contained larger amounts
of palmitic acid (16:0), known to raise cholesterol  (31,32),
than did the SB-diet, and also contained higher levels of pal-
mitoleic acid (cis 16:1), suggested to raise plasma cholesterol
(33,34). Palmitoleic acid has been shown to increase total and
LDL cholesterol in humans similarly to palmitic acid and sig-
nificantly more than oleic acid (18:1) (33). The results of a
study with pigs support that palmitoleic acid increases cho-
lesterol (34). The unsaturated FA in soybean oil, used as the
main lipid source in the control diet of the present study, have
been known to decrease total and LDL cholesterol in plasma
(31). Further, it is established that, compared with saturated

FA, n-6 PUFA have a lowering effect on HDL cholesterol
(35). In this study the polyunsaturated/saturated (P/S) FA
ratio was higher and the phospholipid concentrations were
lower in the SB-diet than in the 67LNGB-diet. This means
that the phospholipid content, rather than FA composition, is
likely to have caused the greater reduction in plasma total
cholesterol, LDL cholesterol, and HDL cholesterol in animals
fed the 67LNGB-diet compared with those fed the SB-diet.
Imaizumi et al. (7) showed that PE, but not PC, reduces serum
cholesterol in rats. This was in contrast to our results, which
showed effective reduction in plasma total, LDL, and HDL
cholesterol with the 67LNGB-diet compared with the SB-
diet). Imaizumi et al. (7) observed the most prominent effect
of PE on the HDL fraction and no significant difference in the
concentration of  LDL cholesterol when comparing PE with
soybean oil. However, our extracted bacterial lipids with high
phospholipid content, especially PE, were not directly com-
parable with their purified PE prepared via transphosphatidyl-
ation of PC by cabbage phospholipase D (7). Thus, one can-
not exclude that other components in the LNGB-diets, for in-
stance, sterols, have hypocholesterolemic effects. 

Our results showed a greater effect of LNGB on plasma
LDL cholesterol than on HDL cholesterol, resulting in a
lower LDL/HDL cholesterol ratio. This seems to be in line
with another study that showed a reduction in plasma total
and LDL cholesterol following a high intake of ethanolamine
(8). Methylation of PE to PC by the liver-specific enzyme
PEMT is an important reaction in PC homeostasis, and PEMT
activity may play a role in regulating the levels of plasma
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TABLE 6 
Distribution of Phospholipids in Plasma (% of total phospholipids)a

SB-dietb 17LNGB-dietc 67LNGB-dietd

PC 82.5 ± 2.3 82.4 ± 2.1 80.4 ± 1.9
LysoPC 2.8 ± 0.4 2.6 ± 0.2 2.3 ± 1.3
SM 9.5 ± 2.19 9.1 ± 1.3 10.49 ± 1.1
PI 3.40 ± 0.4 3.3 ± 0.5 3.7 ± 0.2
PE 1.8 ± 0.4a 2.6 ± 0.8 3.1 ± 0.8a

PE/PC 0.022 ± 0.005a 0.031 ± 0.100 0.039 ± 0.010a

aValues given as mean ± SD. 
bDiet with 100% SB.
cDiet with 17% lipids from LNGB and 83% SB. 
dDiet with 67% LNGB and 33% SB. For abbreviatioins see Table 1. 

TABLE 8 
Fecal  Excretion of Unesterified  Cholesterol, Cholesteryl Ester, and Phospholipidsa,b

SB-dietc 17LNGB-dietd 67LNGB-diete

Unesterified  cholesterol (mg/d) 74.28 ± 11.43a 83.78 ± 10.90b 101.96 ± 9.02a,b

Cholesteryl ester (mg/d) 33.59 ± 20.86a 47.64 ± 10.03c 132.80 ± 27.46a,c

PC (µg/d) 0.94  ± 0.18a 2.06 ± 0.56c 12.57 ± 3.67a,c

LysoPC (µg/d) 0.28 ± 0.10a 1.78 ± 0.86c 16.64 ± 5.86a,c

PE (µg/d) 0.16 ± 0.05a 0.49 ± 0.13c 5.38 ± 2.04a,c

aValues given as mean ± SD, n = 6. Means with common superscripts differ: a,cP < 0.001, bP = 0.027. 
bAdjustment for multiple comparisons: Bonferroni.
cDiet with 100 % SB.
dDiet with 17% lipids from LNGB and 83% SB. 
eDiet with 67% LNGB and 33% SB. For abbreviations see Table 1.

TABLE 7 
Relationships Between Concentrations of Plasma Cholesterol and Classes of Phospholipid
Concentrationsa

Total cholesterol LDL cholesterol HDL cholesterol

Total phospholipids Rb, Pc 0.841*, <0.001 0.850*, <0.001 0.726*, <0.001
PC Rb, Pc 0.830*, <0.001 0.839*, <0.001 0.716*, <0.002
LysoPC Rb, Pc 0.669*, <0.005 0.702*, <0.002 0.561*,   0.024
SM Rb, Pc 0.724*, <0.002 0.778*, <0.001 0.572*,   0.021
PI Rb, Pc 0.717*, <0.002 0.699*, <0.003 0.656*, <0.006
PE Rb, Pc 0.245      0.360 0.053,     0.847 0.352,     0.181
aValues given as mean ± SD, P < 0.05. *Correlation is significant. For other abbreviation see Table 5.
bR = Pearson correlation.
cP = P value.



lipoproteins (15). A study by Reo et al. (36), using NMR
analysis of liver extracts from rats, showed that about 30% of
liver PC was produced by PEMT. The significantly lower
plasma PC in mink fed the PE-rich 67LNGB-diet compared
with mink fed the SB-diet is in agreement with other studies
(7,8). Imaizumi et al. (7) indicated that since the FA compo-
sitions of the PE and the purified PC were similar in their
study, the different effects of these phospholipids on plasma
cholesterol may be attributed to their constituent bases. How-
ever, a possible explanation of the effect on plasma choles-
terol is a reduction of PC via the PE N-methylation pathway.
Ethanolamine is used as substrate for the PE synthesis
through the CDP-ethanolamine pathway (16). Since dietary
PE is degraded to free ethanolamine, 2-MAG, and FFA in the
intestine, it is possible that PE and ethanolamine may reduce
plasma cholesterol in the same way. 

The highly significant correlation between plasma total
cholesterol and total phospholipids found in our study is in
agreement with the results of Beynen and Terpstra (37). In
their study, there was a positive correlation (more than 70%)
between serum total cholesterol and phospholipid concentra-
tions in humans, rabbits (Oryctolagus cunicullus), and calves
(Bos taurus). Also, plasma phospholipid concentrations in the
present study changed in a manner similar to that of plasma
cholesterol, resulting in high correlation between these two
variables. The findings in the present study that the plasma
lipoproteins (total cholesterol, LDL cholesterol, HDL choles-
terol) were correlated with total phospholipids, PC, lysoPC,
SM, and PI indicate a close association between plasma cho-
lesterol and classes of phospholipids and on the distribution
of cholesterol over the various lipoprotein fractions. The lack
of significant differences in the level of plasma PE due to the
diets indicates that most of PE in LNGB has been converted
to PC in the liver, although the PE/PC ratio of total plasma
phospholipids was significantly higher in the 67LNGB-fed
mink than the SB-fed mink. 

The reduction in both plasma cholesterol and PC in the study
by Noga and Vance (15) is in accordance with our results. The
most abundant phospholipid in plasma lipoproteins is PC (38),
but the relationships between PC, the other classes of phospho-
lipids, and plasma cholesterol are not entirely understood and
more studies are needed. It is likely that more than one mecha-
nism regulates the cholesterol and PC content in lipoproteins.

Higher fecal excretion of unesterified cholesterol, cholesteryl
ester, PC, lysoPC, and PE following feeding of the 67LNGB-
diet compared with the SB-diet may be related to the high
concentration of PE and possibly higher levels of PEMT-de-
rived PC. Thus, PC biosynthesis via the PE methylation path-
way may promote biliary excretion of phospholipids and cho-
lesterol (18). It has been shown that relationships between bil-
iary phospholipid and cholesterol excretion are complex (18).
Increased biliary excretion of phospholipids and cholesterol
from PC biosynthesis via the PE methylation pathway may at
least partly explain the lower concentration of plasma choles-
terol and PC in the 67LNGB-diet compared with the SB-diet.
In another study, the secretion of PEMT-derived PC into bile

was higher in mice fed a high-fat and -cholesterol diet (39).
The liver has a major role in cholesterol homeostasis through
excretion of cholesterol into the bile, by conversion to bile
acids, and by secretion of lipoproteins (40). The lipoprotein
systems in mink and humans are somewhat different: Most of
the mink’s plasma cholesterol is in the form of HDL, and they
have very low levels of cholesteryl ester transfer protein
(CETP) activity in plasma (41). Hence, the results obtained
in this study should be validated in pigs, which have a more
human-like lipoprotein metabolism.

The 67LNGB-diet contained more PC than the SB-diet
did, and one cannot exclude the possibility that alternations
of dietary phospholipids may decrease cholesterol absorption.
However, Homan and Hamehle (42), working with Caco-2
cells (a human intestinal cell line with enterocyte-similar
properties), have shown that cholesterol absorption from bile
acid micelles is suppressed by PC in the micelles. 

The fact that plasma unesterified cholesterol in our study was
significantly higher for the mink on the 67LNGB-diet than for
those on the SB-diet and for animals on the 67LNGB-diet com-
pared with those on the 17LNGB-diet is not easy to explain.
However, it has been suggested that phospholipid transfer pro-
tein activity on HDL can modulate the activities of  lecithin:cho-
lesterol acyltransferase and  CETP in vitro, which could lead to a
higher concentration of free cholesterol (43). 

The synthesis of the VLDL components such as TAG and
PC is strictly coordinated (16). The difference in plasma TAG
concentrations among dietary treatments in our study was
somewhat smaller than in total cholesterol, LDL cholesterol,
and HDL cholesterol and was not statistically significant.
However, soybean oil has a well-established reducing effect
on plasma TAG levels (35). Furthermore, considering the in-
terindividual variations in fasting values of TAG, the number
of animals may have been too small to detect significant dif-
ferences. Studies have shown that PEMT is essential for the
incorporation of TAG into VLDL particles in liver cells (44),
for secretion of TAG (15), and for normal concentration of
plasma VLDL in mice (45). The study of Imaizumi et al. (7)
showed no significant difference in plasma TAG between that
in rats consuming PE and PC and consuming soybean oil (7).
Furthermore, it has been shown that free ethanolamine may
slightly reduce serum TAG (6,12). 

From our comparison between the 67LNGB-diet and a diet
of highly unsaturated soybean oil, we conclude that phospho-
lipids from the 67LNGB-diet decrease plasma lipoproteins
levels and the LDL/HDL cholesterol ratio. The diets contain-
ing bacterial lipids also cause lower levels of phospholipids,
especially lysoPC and PC. Our findings show that the lower-
ing effects on plasma cholesterol achieved with a specific di-
etary mixture of phospholipids are mainly caused by specific
phospholipids, especially a high level of PE, and not the FA
composition. The lack of significant differences in the level
of plasma PE due to the diets indicates that most of the PE in
the LNGB-diets has been converted to PC in the liver. Thus,
plasma cholesterol is at least partly regulated by phospholipid
methylation from PE to PC in the liver.
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ABSTRACT: The in vivo effects of N-acetyl cysteine (NAC), S-
allyl cysteine, S-ethyl cysteine (SEC), S-methyl cysteine (SMC), and
S-propyl cysteine (SPC) against hyperlipidemia development and
oxidation stress in Balb/cA mice consuming a high saturated fat
diet were examined. The influence of these agents on plasma lev-
els of glucose, insulin, uric acid, TG, cholesterol, and the activity
of three lipogenic enzymes—glucose-6-phosphate dehydroge-
nase, malic enzyme, and FA synthase—was determined. All mice
consumed the coconut oil-basd, high saturated fat diet, water, and
cysteine or one of the five cysteine-containing compounds for 4
wk. The diet with 18% saturated fat significantly elevated the ac-
tivity of three lipogenic enzymes and significantly increased TG
and cholesterol biosynthesis in plasma and liver (P < 0.05). When
compared with the water and cysteine groups, the treatments from
five cysteine-containing agents significantly reduced high satu-
rated fat diet-increased malic enzyme and FA synthase activities,
and significantly lowered TG levels in plasma and liver (P < 0.05);
however, only NAC, SAC, and SMC treatments significantly re-
duced cholesterol levels in plasma and liver (P < 0.05). The five
cysteine-containing agents significantly restored high saturated fat
diet-decreased glutathione peroxidase (GPX) activity in liver (P <
0.05); however, only SMC and SPC significantly restored GPX ac-
tivity in heart and kidney (P < 0.05). These agents also significantly
improved high saturated fat diet-related hyperglycemia, hyper-
uricemia, and oxidation stress (P < 0.05). These data support the
hypothesis that these compounds are potential multiply-protective
agents for hyperlipidemia prevention or therapy.

Paper no. L9556 in Lipids 39, 843–848 (September 2004).

N-Acetyl cysteine (NAC), S-allyl cysteine (SAC), S-ethyl
cysteine (SEC), S-methyl cysteine (SMC), and S-propyl cys-
teine (SPC) are five hydrophilic cysteine-containing com-
pounds naturally formed in Allium plants such as garlic and
onion (1,2). Several studies have indicated that SAC, SEC,
and SPC could inhibit TG and cholesterol biosynthesis in cul-
tured rat hepatocytes (3–6). The study of Liu and Yeh (4) fur-

ther reported that SAC and SPC could decrease the activity
of FA synthase, a lipogenic enzyme, in the cultured hepato-
cytes. Thus, these water-soluble organosulfur compounds are
potent hypolipidemic agents. Our past animal study found
that these compounds exhibit marked enzymatic antioxidant
protection and reduce the TG level in normal diet-consuming
mice (7). However, whether these agents are able to inhibit
the biosynthesis of TG and cholesterol in animals consuming
a high saturated fat diet remains unclear. Furthermore, the ef-
fect of these agents on the activity of other lipogenic enzymes
such as glucose-6-phosphate dehydrogenase (G6PDH) and
malic enzyme remains unknown.

Total plasma cysteine, based on its potential vascular toxic-
ity, is a risk factor for cardiovascular diseases (8,9). The influ-
ence of a cysteine-enriched diet on lipid metabolism remains
controversial (10–12). Although our previous animal study (7)
found that a cysteine supplement elevated TG and cholesterol
levels in normal diet-consuming mice, information regarding
the impact of cysteine on the biosynthesis of TG and cholesterol
in animals consuming a high saturated fat diet is lacking.  

The major purpose of this study was to evaluate the in vivo
effects of cysteine and five cysteine-containing compounds
on hyperlipidemia development in mice consuming a high
saturated fat diet. The impact of these agents on the plasma
levels of glucose, insulin, TG, cholesterol, and the activity of
three lipogenic enzymes was determined.

MATERIALS AND METHODS

Animals. Three- to 4-wk-old male Balb/cA mice were obtained
from the National Laboratory Animal Center (National Science
Council, Taipei City, Taiwan). Mice were housed on a 12-h
light–12-h dark schedule and fed with water ad libitum and a
rat and mouse standard diet containing by weight (g/100 g):
64 starch, 23 protein, 3.5 fat, 5 fiber, 1 vitamin mixture, and 3
salt mixture (PMI Nutrition International LLC, Brentwood,
MO) (7) for 1 wk of acclimation. Use of the mice was re-
viewed and approved by the Chungshan Medical University
animal care committee.  

Organosulfur compound treatment. Cysteine (99.5%), NAC
(99.5%), SMC (99%), and SEC (99.5%) were purchased from
Sigma Chemical Co. (St. Louis, MO). SAC (99%) and SPC
(99%) were supplied by Wakunaga Pharmaceutical Co.
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(Hiroshima, Japan). Each agent was added to the drinking
water of mice at a rate of 1 g/L.  

High saturated fat diet preparation and experimental design.
Regular mouse chow (85 g) was mixed with 15 g coconut oil
(Sigma-Aldrich Co., Ltd., Poole, United Kingdom). This pre-
pared diet provided 18% fat, which contained 82.6% satu-
rated FA such as lauric acid, myristic acid, palmitic acid, and
stearic acid. All mice consumed the prepared high saturated
fat diet, and these mice were divided into seven groups (n =
15) on the basis of their intake of water, cysteine, or one of
five cysteine-containing compounds for 4 wk. All mice had
free access at all times to food and water. Food and water in-
take was recorded daily. Body weight was measured every
week. Plasma glucose level was measured every other week.
After 4 wk, mice were killed with carbon dioxide. Heart,
liver, and kidney from each mouse were collected and
weighed. Blood was also collected, and plasma was separated
from erythrocytes immediately. Two-tenths of a gram of each
organ was homogenized in 2 mL PBS (pH 7.2), and the fil-
trate passing through number 1 filter paper was collected. The
protein concentration of plasma, heart, liver, and kidney fil-
trate was determined by the method of Lowry et al. (13) using
BSA as a standard. In all experiments, sample was diluted to
a final concentration of 1 g protein/L using PBS, pH 7.2. 

Analysis of alanine aminotrasferase (ALT) and aspartate
aminotransferase (AST). Liver damage was assessed by mea-
suring serum activities of ALT and AST, which were deter-
mined by using commercial assay kits (Randox Laboratories
Ltd., Crumlin, United Kingdom). 

Plasma level of glucose, insulin, and uric acid. Plasma
glucose, insulin, and uric acid levels (mmol/L) were mea-
sured by a radioimmunoassay (RIA) using glucose HK kit
(Sigma Chemical), rat insulin RIA kit (SRI-13K; Linco Re-
search Inc., St. Charles, MO), and uric acid kit (Randox Lab-
oratories Ltd.), respectively. 

TG and cholesterol determination. TG and cholesterol lev-
els (mmol/L) in plasma were determined by TG/GB kit and
cholesterol/HP kit (Boehringer Mannheim, Indianapolis, IN),
respectively. Total lipids were extracted from liver, and then
liver TG and cholesterol concentrations (µmol/g wet tissue)
were quantified by colorimetric assay (14).

Measurement of the activity of lipogenic enzymes in the liver.
The activity of G6PDH was assayed by a commercial kit
(Sigma-Aldrich Co., Ltd.), in which enzyme activity was deter-
mined by using a plate-reader spectrophotometer and measuring
the rate of absorbance increase at 340 nm due to the conversion
of NADP+ to NADPH. The activities of malic enzyme and FA
synthase (FAS) were measured by spectrophotometric assays
based on the absorbance change at 340 nm, as described in Hsu
and Lardy (15) and Nepokroeff et al. (16). The enzyme activity
was calculated as nmol NADPH formed or oxidized/min/mg
protein.

Glutathione peroxidase (GPX) assay. GPX activity (U/mg
protein) in heart, liver, and kidney was determined by using a
commercial GPX assay kit (Calbiochem, EMD Biosciences,
Inc., San Diego, CA).

Lipid oxidation determination. Glucose at 50 mmol/L was
added to the 1 mL filtrate from heart, liver, and kidney to ini-
tiate lipid oxidation (7). The lipid oxidation level in the fil-
trate was determined after 2 d of incubation at 37°C by mea-
suring the level of malondialdehyde (MDA, µmol/L) via an
HPLC method (17). Briefly, 0.5 mL trichloroacetic acid
(30%) was added to the samples. After vortexing, samples
were centrifuged at 1000 × g for 15 min. Supernatant (1 mL)
was mixed with 0.25 mL thiobarbituric acid (TBA, 1%) and
the mixture was kept in boiling water for 15 min. The con-
centration of MDA-TBA complex was assayed using a high-
performance liquid chromatograph equipped with a reversed-
phase Shodex KC-812 column (Showa Denko, Tokyo, Japan)
with a UV-vis detector at 532 nm. 

Statistical analysis. The effect on 15 mice (n = 15) of each
treatment was analyzed. Data were subjected to one-way
ANOVA and computed using the SAS General Linear Model
(GLM) procedure (18). Differences having P-values <0.05
were considered to be significant.

RESULTS

The intake of water, cysteine, and various cysteine-contain-
ing compounds in conjunction with a high saturated fat diet
did not significantly affect heart weight (0.16–0.19 g), liver
weight (1.21–1.43 g), kidney weight (0.28–0.31 g), and the
activity of ALT and AST in these mice (P > 0.05). The body
weight, daily food intake, and daily water intake are presented
in Table 1. All high saturated fat diet-consuming mice had
significantly greater body weight, daily food intake, and water
intake than normal diet-consuming mice (P < 0.05). When
compared with the water and cysteine groups, the intake of
five cysteine-containing compounds significantly reduced
body weight (P < 0.05). 

The plasma glucose, insulin, and uric acid levels from mice
are presented in Table 2. High saturated fat diet consumption
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TABLE 1 
Final Body Weight, Daily Food Intake, and Daily Water Intake of Mice
Treated with a Normal Diet and with a High Saturated Fat Diet Plus
Water, Cysteine, or One of Five Cysteine-Containing Agentsa,b

Body weightc Food intake Water intake
(g) (g/d) (mL/d)

Normal diet 23.7 ± 1.3a 3.6 ± 0.8a 4.3 ± 1.2a

High saturated fat diet 
Water 31.3 ± 2.6c 8.9 ± 1.8b 8.4 ± 1.0b

Cysteine 30.7 ± 1.7c 8.7 ± 1.4b 7.8 ± 1.7b

NAC 28.3 ± 1.2b 8.8 ± 1.0b 7.5 ± 1.3b

SAC 28.8 ± 1.3b 9.1 ± 1.6b 8.0 ± 0.8b

SEC 29.8 ± 0.8b 8.2 ± 2.0b 7.6 ± 1.2b

SMC 29.0 ± 1.4b 8.6 ± 1.2b 8.2 ± 0.5b

SPC 29.3 ± 1.1b 8.4 ± 1.1b 7.9 ± 1.5b

aValues are means ± SD, n = 15. Means in a column without a common super-
script letter differ significantly, P < 0.05. 
bAbbreviation: NAC, N-acetyl cysteine; SAC, S-allyl cysteine; SEC, S-ethyl cys-
teine; SMC, S-methyl cysteine; SPC, S-propyl cysteine.
cInitial body weight was 13.7 ± 1.1 g.

 



significantly elevated plasma glucose and uric acid levels and
decreased the plasma insulin level (P < 0.05). When compared
with the water and cysteine groups, the treatments with five cys-
teine-containing agents significantly decreased plasma glucose
and uric acid levels (P < 0.05); however, only NAC and SPC
treatments significantly increased the insulin level (P < 0.05). As
shown in Table 3, high saturated fat diet consumption signifi-
cantly increased the TG and cholesterol levels in plasma and
liver (P < 0.05); of these, the cysteine group had the greatest TG
and cholesterol levels in plasma and liver (P < 0.05). When com-
pared with the water and cysteine groups, the treatments from
five cysteine-containing agents significantly decreased  the TG
level in plasma and liver (P < 0.05); however, only the NAC,
SAC, and SMC treatments significantly reduced the cholesterol
levels in plasma and liver (P < 0.05). 

The influence of cysteine and five cysteine-containing agents
on the activity of three lipogenic enzymes is presented in Table
4. A high saturated fat diet caused a significant increase in the
activity of three test enzymes (P < 0.05). Cysteine intake further
enhanced G6PDH activity significantly (P < 0.05). The admin-
istration of five cysteine-containing agents only slightly, but not

significantly, reduced G6PDH when compared with the water
group (P > 0.05). However, these five cysteine-containing
agents significantly reduced high saturated fat diet-enhanced
malic enzyme and FAS activities when compared with the water
and cysteine groups (P < 0.05). The GPX activity from heart,
liver, and kidney is presented in Table 5. High saturated fat in-
take significantly decreased GPX activity in these organs (P <
0.05). The intake of cysteine caused further reduction in GPX
activity in heart only (P < 0.05). The administration of five cys-
teine-containing agents significantly restored GPX activity in
liver (P < 0.05); however, only SMC and SPC significantly re-
stored GPX activity in heart and kidney (P < 0.05). As shown in
Table 6, the consumption of a high saturated fat diet containing
cysteine significantly increased glucose-induced MDA forma-
tion in three organs (P < 0.05). The intake of cysteine-contain-
ing agents resulted in significantly lower MDA levels in three
organs when compared with the cysteine group (P < 0.05). 

DISCUSSION

Several studies of animals have reported that the consump-
tion of coconut oil enhanced lipogenesis in liver, which was
also reflected in increased TG and cholesterol levels in
plasma (19,20). In our present study, mice were fed a coconut
oil-supplemented diet (without extra cholesterol supplemen-
tation) for 4 wk, and these mice exhibited hypotriglyc-
eridemia and hypercholesterolemia. Our results agreed with
those previous studies and found that the enhanced lipogene-
sis by coconut oil was in part due to the elevated activity of
three important lipogenic enzymes, G6PDH, malic enzyme,
and FAS. Furthermore, we found the intake of five cysteine-
containing agents could effectively down-regulate high co-
conut oil-induced lipogenesis by lowering the activity of
malic enzyme and FAS, which consequently reduced the
biosynthesis of TG and cholesterol as well as the body weight
in these mice. Therefore, these results suggest that these cys-
teine-containing agents are able to alleviate hyperlipidemia
development and might lower body fat accumulation. 
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TABLE 2 
Plasma Glucose, Insulin and Uric Acid Levels from Mice Treated with
a Normal Diet and a High Saturated Fat Diet Plus Water, Cysteine, or
One of Five Cysteine-Containing Agentsa

Glucose Insulin Uric acid
(mmol/L) (nmol/L) (mmol/L)

Normal diet 6.9 ± 0.8a 11.7 ± 1.2b 46.6 ± 3.2a

High saturated fat diet  
Water 12.5 ± 1.1c 8.9 ± 1.0a 63.2 ± 5.3c

Cysteine 11.6 ± 1.0c 8.5 ± 0.6a 62.7 ± 4.8c

NAC 9.8 ± 0.7b 10.8 ± 1.2b 51.2 ± 2.5b

SAC 9.4 ± 1.2b 8.7 ± 0.9a 48.3 ± 3.2a

SEC 10.6 ± 1.4b 9.3 ± 0.4a 54.5 ± 3.0b

SMC 9.7 ± 0.7b 9.0 ± 0.7a 50.7 ± 2.7b

SPC 10.1 ± 1.1b 10.6 ± 1.0b 52.1 ± 3.1b

aValues are means ± SD, n = 15. Means in a column without a common letter
differ, P < 0.05. See Table 1 for abbreviations.

TABLE 3 
TG and Cholesterol Concentrations in Plasma and Liver from Mice Treated with Normal Diet
and High Saturated Fat Diet Plus Water, Cysteine, or One of Five Cysteine-Containing Agentsa

TG Cholesterol

Plasma Liver Plasma Liver
(g/L) (mg/g wet liver) (g/L) (mg/g wet liver) 

Normal diet 2.15 ± 0.11a 28.3 ± 1.3a 1.51 ± 0.17a 3.26 ± 0.12a

High saturated fat diet 
Water 4.03 ± 0.21c 36.4 ± 2.1d 3.03 ± 0.20c 4.85 ± 0.28c

Cysteine 4.61 ± 0.23c 38.5 ± 2.6d 3.73 ± 0.29d 5.54 ± 0.30d

NAC 3.07 ± 0.17b 34.7 ± 1.7c 2.07 ± 0.12b 3.72 ± 0.21b

SAC 2.95 ± 0.16b 32.3 ± 1.0b 2.16 ± 0.07b 3.68 ± 0.18b

SEC 3.04 ± 0.19b 34.0 ± 2.0c 2.84 ± 0.14c 4.36 ± 0.17c

SMC 2.88 ± 0.14b 30.9 ± 1.0b 2.21 ± 0.23b 3.67 ± 0.20b

SPC 3.19 ± 0.10b 31.2 ± 1.1b 2.73 ± 0.21c 4.13 ± 0.19c

aValues are means ± SD, n = 15. Means in a column without a common letter differ, P < 0.05. See Table
1 for abbreviations.



The inhibitory effect of SAC, SEC, and SPC on lipid and
cholesterol biosynthesis in cultured rat hepatocytes has been
examined (3–6). These authors indicated that these agents im-
paired TG biosynthesis by decreasing the activity of FAS in
these cells. Our present in vivo study agreed that the three
agents could effectively reduce FAS activity, and our results
further found that these three agents as well as SMC and NAC
effectively decreased the activity of malic enzyme, which
consequently contributed to the reduction of TG biosynthe-
sis. Our data partially explained the mode of action of these
agents in inhibiting hypertriglyceridemia development. On
the other hand, hypercholesterolemia was present in all high
saturated fat-consuming mice, especially in the cysteine
groups. Hypercholesterolemia induced by coconut oil was
strongly correlated with an increase in acyl-CoA:cholesterol
acyltransferase activity (21); thus, the observed hypercholes-
terolemia in our present study also might be due to the en-
hanced activity of this enzyme. However, previous cell-cul-
ture studies have reported that these cysteine-containing

agents could inhibit cholesterol synthesis by changing the
phosphorylation of HMG-CoA reductase in cultured cells
(5,6). Thus, these agents might also affect HMG-CoA reduc-
tase in our present animal study and reduce cholesterol
biosynthesis. Further study is necessary to elucidate the ac-
tion mode of these agents in inhibiting hypercholesterolemia
development.

Dyslipidemia is implicated in a decline in renal function
and causes hyperuricemia and hyperglycemia in humans and
animals (22–24). The results of these studies indicated that a
high saturated fat diet increased the risk of cardiovascular dis-
ease via impairing endothelial vasodilation function and
caused endothelial damage. Our present study found these
mice also developed hyperuricemia and hyperglycemia after
they consumed a high saturated fat diet for 4 wk. Thus, our
results agreed with earlier studies that high dietary saturated
fat caused dyslipidemia and impaired glucose and uric acid
metabolism. Furthermore, our present study observed that
cysteine-containing agents improved hyperuricemia and hy-
perglycemia in these mice. This might be due to these agents
alleviating dyslipidemia, which consequently improved glu-
cose and uric acid metabolism. The other possibility was that
these agents provided protection to renal function and affected
glucose and uric acid metabolism. 

The GPX activity-lowering effect from a coconut oil-rich
diet has been reported (25). Our results agreed with that study,
as GPX activity was lower in organs from coconut oil-consum-
ing mice. Furthermore, we found that cysteine-containing
agents could partially restore high saturated fat-reduced GPX
activity, which consequently improved enzymatic antioxidant
protection. Our previous animal study demonstrated that the ad-
ministration of these cysteine-containing agents elevated the
glutathione level and enhanced GPX activity in plasma and or-
gans from mice consuming a normal diet (7). Thus, our results
suggest these agents could improve hyperlipidemia-related oxi-
dation damage via up-regulating GPX activity. In our present
study, glucose was used to initiate oxidation. The purpose was
to evaluate whether these agents could reduce high glucose-
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TABLE 4 
Enzyme Activity of Glucose-6-phosphate Dehydrogenase (G6PDH),
Malic Enzyme, and Fatty Acid Synthase (FAS) in Liver from Mice
Treated with a Normal Diet and a High Saturated Fat Diet Plus Water,
Cysteine, or One of Five Cysteine-Containing Agentsa

G6PDH Malic enzyme FAS

(nmol/min/mg protein)

Normal diet 1.73 ± 0.38a 4.58 ± 0.23a 2.56 ± 0.11a

High saturated fat diet  
Water 3.63 ± 0.34b 6.35 ± 0.32c 5.48 ± 0.20c

Cysteine 4.43 ± 0.30c 6.77 ± 0.18c 5.24 ± 0.21c

NAC 3.16 ± 0.22b 5.17 ± 0.07b 4.17 ± 0.16b

SAC 3.32 ± 0.25b 5.63 ± 0.21b 3.89 ± 0.10b

SEC 3.42 ± 0.28b 5.58 ± 0.19b 4.25 ± 0.13b

SMC 2.84 ± 0.18b 5.22 ± 0.20b 4.04 ± 0.08b

SPC 3.08 ± 0.22b 5.53 ± 0.16b 3.68 ± 0.18b

aValues are means ± SD, n = 15. Means in a column without a common letter
differ, P < 0.05. See Table 1 for abbreviations.

TABLE 5  
Glutathione Peroxidase Activity of Heart, Liver, and Kidney from
Mice Treated with a Normal Diet and a High Saturated Fat Diet Plus
Water, Cysteine, or One of Five Cysteine-Containing Agentsa

Heart Liver Kidney

(U/mg protein)

Normal diet 36.2 ± 3.2d 29.6 ± 1.1c 17.8 ± 1.3b

High saturated fat diet 
Water 28.3 ± 2.1b 24.0 ± 2.0a 13.5 ± 1.0a

Cysteine 22.6 ± 2.0a 23.2 ± 1.7a 14.0 ± 0.8a

NAC 29.3 ± 3.1b 26.7 ± 1.5b 14.3 ± 0.6a

SAC 28.4 ± 1.9b 27.4 ± 1.0b 13.8 ± 1.1a

SEC 29.8 ± 2.1b 26.7 ± 2.1b 14.6 ± 0.9a

SMC 32.7 ± 3.4c 27.0 ± 1.6b 17.8 ± 1.2b

SPC 33.0 ± 3.7c 27.2 ± 1.2b 18.2 ± 1.4b

aValues are means ± SD, n = 15. Means in a column without a common letter
differ, P < 0.05. See Table 1 for abbreviations.

TABLE 6 
Glucose-Induced MDA Concentration in Heart, Liver, and Kidney
from Mice Treated with Normal Diet and High Saturated Fat Diet Plus
Water, Cysteine, or One of Five Cysteine-Containing Agentsa

Heart Liver Kidney

(µ/mg)

Normal diet 0.96 ± 0.13a 1.08 ± 0.13a 1.23 ± 0.10a

High saturated fat diet, 
Water 1.43 ± 0.08b 1.56 ± 0.10b 1.73 ± 0.13b

Cysteine 2.06 ± 0.15c 2.43 ± 0.17c 2.31 ± 0.18c

NAC 1.03 ± 0.11a 1.33 ± 0.07b 1.34 ± 0.06a

SAC 1.14 ± 0.09a 1.25 ± 0.09a 1.48 ± 0.09a

SEC 1.28 ± 0.11a 1.16 ± 0.10a 1.34 ± 0.11a

SMC 1.23 ± 0.06a 1.40 ± 0.08b 1.59 ± 0.08b

SPC 1.21 ± 0.10a 1.37 ± 0.11b 1.42 ± 0.12a

aValues are means ± SD, n = 15. Means in a column without a common letter
differ, P < 0.05. See Table 1 for abbreviations.



induced oxidative stress as presented in diabetic conditions be-
cause hyperlipidemia is strongly associated with diabetic pro-
gression. The observed antioxidative protection from these cys-
teine-containing agents suggests these agents might prevent or
delay the oxidation damage developed from the interaction of
hyperlipidemia and hyperglycemia.

Cysteine administration markedly enhanced the activity of
three lipogenic enzymes and reduced GPX activity, especially
in heart. It is known the elevated G6PDH activity can cause ab-
normal carbohydrate and lipid metabolism, which then con-
tributes to the development of metabolic diseases (26). Several
studies have indicated that cysteine, based on its autooxidation
property and vascular toxicity, should be considered as a risk
factor for cardiovascular diseases (8,9). The results of our pre-
sent study provide other evidence to elucidate the adverse role
of cysteine in the progression of lipid metabolism disorder. Al-
though the five cysteine-containing agents are hydrophilic
amino acids and are naturally formed in Allium foods such as
garlic, Benevenga et al. (27) indicated that excessive consump-
tion of SMC leads to cytotoxicity. Therefore, the safety of these
agents at effective dose levels needs further study. On the other
hand, Krest et al. (28) reported that the content in Allium plants
of these cysteine-containing compounds differed among species
and varied over the vegetation period; for instance, the SMC
content was 33–487 mg/100 g fresh garlic or 4–623 mg/100 g
of stems or roots of Allium plants. Thus, it may not be appropri-
ate to obtain these compounds by supplementing the diet with
garlic or other Allium plants.  

In conclusion, five cysteine-containing agents effectively
reduced the activity of two lipogenic enzymes, malic enzyme
and FAS, and suppressed TG and cholesterol biosynthesis in
high saturated fat-consuming mice. These agents also improved
hyperlipidemia-related hyperglycemia, hyperuricemia, and oxi-
dation stress. These data support the contention that these
compounds are potential multiply-protective agents for hyper-
lipidemia prevention or therapy.
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ABSTRACT: Fish easily accumulate n-3 PUFA of exogenous
origin, but the underlying mechanisms are not well established
in the whole animal. This study was undertaken to investigate
whether this feature was physiologically associated with mito-
chondrial and peroxisomal capacities that differentially affect
FA oxidation. For this purpose, peroxisomal FA oxidation was
increased by treating rainbow trout with fenofibrate, which
strongly stimulates the peroxisome proliferator-activated recep-
tor-α in rodents. Diets containing EPA and DHA, with or with-
out fenofibrate added, were administered to male trout for 12 d.
After treatment, neither liver hypertrophy nor accumulation of
fat was apparent within the liver and muscle cells. However,
fenofibrate treatment decreased the contents of EPA and DHA
in the liver, white muscle, and intraperitoneal fat tissue, which
represented (per whole body) at least 280 mg less than in con-
trols. Carnitine-dependent palmitate oxidation rates, expressed
per gram of liver, were slightly increased by fenofibrate when
measured from tissue homogenates and were unchanged when
calculated from isolated mitochondria, relative to control fish.
The treatment altered neither carnitine palmitoyltransferase I
activity rates, expressed per gram of liver, nor the sensitivity of
the enzyme to malonyl-CoA inhibition, but did increase the
malonyl-CoA content (+45%). Meanwhile, fenofibrate in-
creased (by about 30%) the peroxisome-related activities, i.e.,
catalase, carnitine-independent palmitate oxidation, acyl-CoA
oxidase, and the peroxisomal FA-oxidizing system, relative to
the control group. The data strongly suggest that the induction
of peroxisomal activities, some of which being able to oxidize
very long chain FA, was responsible for the lower contents of
EPA and DHA in the body lipids of fenofibrate-treated trout.

Paper no. L9512 in Lipids 39, 849–855 (September 2004).

n-3 PUFA are essentially synthesized by the marine microor-
ganisms that are massively ingested by many fish species. In
the tissues of mammals, very long chain FA (VLCFA) of the
n-3 and n-6 series are known to be ligands for peroxisome
proliferator-activated receptors (PPAR) (1–5). Because per-
oxisomes contain enzymes that perform the partial chain-

shortening of VLCFA (6,7), the cell contents of n-3 PUFA are
expected to level off through β-oxidation, first in the peroxi-
somes and then in the mitochondria. However in fish, these
n-3 PUFA, e.g., EPA and DHA, accumulate in body fats, sug-
gesting that there is less control of their contents following
the activation of PPAR than in mammals. Yet the tissue and
cellular distribution of PPAR subtypes in Danio rerio has
been shown to partially resemble that described in mammals
(8). Differential activation of PPAR in the tissues of several
animal species has been directly demonstrated from a num-
ber of chemical compounds, such as fibrates, that are widely
used as hypolipidemic drugs (9,10). These compounds are
known to increase dramatically the number and size of per-
oxisomes in liver cells, and to induce FA oxidation-related
activities in peroxisomes and mitochondria, such as acyl-CoA
oxidase (ACO) (11,12) and carnitine palmitoyltransferase I
(CPT I) (13,14), respectively. Fenofibrate, clofibrate, ciprofi-
brate, and gemfibrozil all belong to the fibrate class and have
been identified as strong peroxisome proliferators in rats and
mice (9). However, their efficiency is much lower or null in
hamsters, guinea pigs, and primates (15–17). The peroxisome
proliferator effects of some of the fibrates mentioned are re-
portedly very weak in the rainbow trout (Oncorhynchus
mykiss) and Japanese medaka (Oryzias latipes) (18–20), but
no result regarding the actual efficiency of these weak in-
creases in peroxisomal activities on the physiological status
of n-3 VLCFA in tissues is available.

The above data prompted us to use as a model rainbow trout
continuously fed a diet enriched in marine oil containing about
9% of total FA as EPA and DHA (on a molar basis), with or
without fenofibrate treatment, under pair-feeding conditions.
Our first objective was to investigate whether fenofibrate, as a
strong peroxisome proliferator in rodents but not in fish, was
capable of modifying the FA profile (with particular attention
to EPA and DHA) in lipids of the liver, muscle, and intraperi-
toneal fat tissue of trout. The experimental design was also
aimed at determining whether the change in tissue FA compo-
sitions might result from altered mitochondrial and/or peroxi-
somal enzyme activities involved in FA oxidation within the
liver cells. Eventually, the data may provide information about
the reactions induced in trout by chemical compounds biologi-
cally related to fibrates that are present in the environment and
likely to alter the lipid composition of this fish species.
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EXPERIMENTAL PROCEDURES

Biochemicals. Fenofibrate and L-carnitine were gifts from Dr.
François Bellamy (Laboratoires Fournier, Daix, France) and
Dr. Gérard Lavianne (Sigma-Tau, Ivry-sur-Seine, France), re-
spectively. [1-14C]Palmitic acid and [3H]acetyl-CoA were
purchased from PerkinElmer Life Sciences (Courtaboeuf,
France). L-[Methyl-3H]carnitine was supplied by Amersham
Biosciences (Saclay, France). Hyamine® and Ultima Gold
XR™ were specific products provided by PerkinElmer. Bio-
chemicals and chemicals were from Sigma-Aldrich (Saint-
Quentin-Fallavier, France) and VWR International (Fonte-
nay-sous-Bois, France), respectively.

Fish and diets. Male rainbow trout, weighing 230–250 g
(about 11–12 mon old) and obtained from the Cordier-Gand
fish farm (Corgoloin, France), were divided into two groups (6
per group). Fish were kept indoors on a 12-h/12-h light/dark
cycle at 16–18°C in double-walled glass-fiber tanks, kindly lent
by Michel Couturier (Drambon, France), containing 600 L of
fresh water (3 trout per tank). Dissolved oxygen, pH, and am-
monia were equilibrated to 7.1–8.1 mg/L, 7.10–7.26, and less
than 0.2 mg/L, respectively, through pipes conveniently pro-
viding air and fresh water. Before the experiment, trout were
fed a commercial diet, Aqualife 17 (BioMar, Nersac, France),
containing 42% crude protein, 22% fat (see FA composition in
the second column of Table 2), 17.6% nonnitrogenous extract,
8.6% ash, 2% cellulose, 1.23% total phosphate, 1.09% avail-
able phosphate, and 1.7% methionine + cysteine. Over the 12 d
of the experiment, the same diet was administered to each trout
by hand as small pasty balls of about 4–5 mm diameter, made
from 0.9 g of dry pellets per 100 g of body weight (bw) per day,
wetted before use and given as soon as they were swallowed
(instant ingestion). For fenofibrate-treated trout, the drug was
kneaded with the pasty balls (100 mg/kg bw per day). The dose
of fenofibrate was the same as that usually administered to rats
and known to trigger the maximum effect (21) in the minimum
amount of time. Trout were food-deprived for 16 h, then
stunned by a blow to the head; the spinal cord was then tran-
sected. Liver, intraperitoneal fat tissue, and white muscle (after
removing the viscera, head, skin with fins, red muscle, and
bones) were immediately weighed, and samples were frozen in
liquid nitrogen and stored at –86°C for later analyses of total
lipids for the three organs and of the crucial metabolites implied
in FA oxidation (L-carnitine, malonyl-CoA) for the liver only.

Homogenate and mitochondrial fraction preparations. The
rest of each liver was cut finely into ice-cold 0.25 mol/L su-
crose medium containing 1 mmol/L of EGTA and 10 mmol/L
of Tris/HCl, pH 7.4, rinsed five times in the same medium,
blotted with absorbent paper, and weighed. The tissue was di-
luted (1:80, wt/vol) in the chilled sucrose medium and homog-
enized by only four strokes of a Teflon pestle rotating at 300
rpm in a Potter–Elvehjem homogenizer (Kontes, Vineland,
NJ). Some samples of homogenate were kept apart for marker
enzyme activity measurements and also for mitochondrial and
peroxisomal palmitate oxidation analyses (see below). The
rest of the homogenate was centrifuged at 2,000 × g for 4 min
at 4°C, and the supernatant was immediately centrifuged at

13,000 × g for 6 min. The pellet was resuspended with the su-
crose medium and centrifuged under the preceding conditions.
The procedure was repeated once, and the pellet resuspended
in buffered 0.3 mol/L sucrose was used as the mitochondrial
fraction. The protein content of this fraction was roughly esti-
mated by spectrophotometry (22) immediately before incuba-
tions for palmitate oxidation, and CPT I activity measurements
were performed. Protein content was subsequently determined
more accurately using the bicinchoninic acid method (23).

Carnitine, malonyl-CoA, and lipid contents. Carnitine esters
were first hydrolyzed with KOH, and total carnitine was esti-
mated by the radiochemical procedure of McGarry and Foster
(24). Malonyl-CoA determination was carried out as previously
described (25) on a Varian HPLC system (UV detection at 254
nm) equipped with a C18 column (Lichrocart, Superspher; 250
× 4 mm; Merck, Darmstadt, Germany). Total lipids were ex-
tracted with chloroform/methanol (2:1, vol/vol) according to
the procedure of Folch et al. (26). Their constitutive FA were
methylated through the action of boron trifluoride, separated by
GLC (Chrompack CP9002) on a capillary column (CP Wax
52CB; 30 m × 0.32 mm; Varian, Les Ulis, France) and quanti-
fied using heptadecanoic acid as an internal standard (27).

Mitochondrial and peroxisomal enzyme assays. The pres-
ence of mitochondria was assessed by the activities of
monoamine oxidase (EC 1.4.3.4) (28) and citrate synthase
(EC 4.1.3.7) (29), whereas that of peroxisomes was revealed
by the activities of urate oxidase (EC 1.7.3.3) (30), catalase
(EC 1.11.1.6) (31), ACO (EC 1.3.3.6) (32), and CN–-insensi-
tive palmitoyl-CoA-dependent NAD+ reduction (32), a short
sequence of the β-oxidation cycle, described as the peroxiso-
mal FA-oxidizing system (PFAOS). CPT I (EC 2.3.1.21) ac-
tivity and inhibition of CPT I by malonyl-CoA were carried
out using tritiated L-carnitine with palmitoyl-CoA, as de-
scribed previously (33), and by extraction of the palmitoyl-
[3H]carnitine produced with butan-1-ol. The associated ra-
dioactivity was counted after mixing with Ultima Gold XR.

Mitochondrial and peroxisomal palmitate oxidation. 
(i) From liver homogenates. Palmitate oxidation rates were
measured from homogenates using two media as described in
Reference 34, the first allowing mitochondrial and peroxiso-
mal activities to occur, and the second allowing the peroxiso-
mal activity only. After 30 min, the radioactivity initially held
by [1-14C]palmitate (bound to BSA in a 5:1 molar ratio) was
recovered on labeled short molecules released from the β-ox-
idative cycle and soluble in perchloric acid (acid-soluble
products, ASP) and on labeled CO2 trapped in Hyamine. The
radioactivity of ASP and of Hyamine containing CO2 was
measured after mixing each with Ultima Gold XR.

(ii) From liver mitochondria. The incubation medium de-
scribed in Reference 22 contained [1-14C]palmitate (bound to
BSA in a 1.5:1 molar ratio), and the reaction was stopped
with perchloric acid after 8 min. The radioactivity of CO2 and
ASP was measured as for the oxidation of palmitate by liver
homogenates.

Statistics. Results are expressed as means ± SEM (n = 6
per group). Data were subjected to one-way ANOVA fol-
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lowed by a Student’s t-test analysis. Differences were consid-
ered significant at P < 0.05.

RESULTS

Body parameters and lipid analysis. Fenofibrate treatment did
not alter the weights of liver, white muscle, or intraperitoneal
fat tissue (Table 1). The total FA content was increased in in-
traperitoneal fat tissue only, relative to controls. The FA com-
position of total lipids (Table 2) shows that the treatment did
not modify the proportion of saturated FA (ΣSFA) and of mono-
unsaturated FA (ΣMUFA) for each organ. Oleic and linoleic
acids (18:1 and 18:2n-6), abundant in the dietary lipids, were
low in the livers of both groups, but were always greater in the

liver, white muscle, and intraperitoneal fat tissue of fenofibrate-
treated fish than in the controls. Conversely, EPA and DHA,
which were less than 9% of the dietary lipids, amounted to
about 50% of the FA in liver, 40% of the FA in white muscle,
and 30% of the FA in intraperitoneal fat tissue once they were
ingested. However, the presence of EPA and DHA within the
three tissues was always lower in fenofibrate-treated fish than
in the controls. Taking into account the actual mass of organs
and the corresponding content of total FA, the deficit of EPA
and DHA attributable to fenofibrate was calculated at around
280 mg per whole fish from the three isolated organs only.

Parameters related to FA oxidation. From monoamine ox-
idase and citrate synthase activities, expressed per gram of
liver and per milligram of mitochondrial protein, the content
of mitochondrial protein calculated per gram of liver was
25% greater after treatment (Table 3). For the peroxisomal
marker enzymes used, the activity of urate oxidase, expressed
per gram of liver, was about 30% lower and that of catalase
30% greater in treated fish, relative to the controls (Table 3).
In the mitochondrial fractions, the specific activities of conta-
minating catalase were low and quite similar in both groups
(45 ± 12 and 68 ± 15 mIU/min·mg protein–1 in control and
treated fish, respectively). As regards the parameters related
to mitochondrial FA oxidation (Table 4), the L-carnitine con-
tent per gram of tissue was markedly decreased by fenofi-
brate. In treated fish, the carnitine-dependent palmitate oxida-
tion rates per liver unit were only slightly greater when mea-
sured from crude tissue homogenates and not significantly
different when calculated from isolated mitochondria and the
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TABLE 1
Effects of Fenofibrate Treatment on Organ Weights and Lipid Con-
tents of Rainbow Trouta

Parameters studied Control Fenofibrate-treated

Body and organ weights
Total body (g) 247.1 ± 10.6 241.3 ± 6.9
Liver (% of bw) 1.29 ± 0.07 1.23 ± 0.03
White muscle (% of bw) 47.5 ± 2.2 46.7 ± 2.4
Intraperitoneal fat tissue (% of bw) 1.47 ± 0.15 1.41 ± 0.28

Total FA content (mg/g wet tissue)
Liver 30.5 ± 5.7 28.9 ± 5.0
White muscle 12.7 ± 2.8 13.3 ± 7.4
Intraperitoneal fat tissue 709 ± 5 737 ± 8*

aValues are means ± SEM (n = 6 in each group). An asterisk (*) indicates that
results between control and treated groups differ significantly at P < 0.05.
bw, body weight.

TABLE 2
FA Composition of Total Lipids in the Diet and in the Liver, White Muscle, and Intraperitoneal Fat Tissue of Control and Fenofibrate-Treated
Rainbow Trouta

Liver White muscle Intraperitoneal fat tissue

FA (molar %) Diet Control Treated Control Treated Control Treated

14:0 2.69 2.07 ± 0.20 1.40 ± 0.04* 4.48 ± 0.14 4.47 ± 0.13 6.83 ± 0.02 6.2 ± 0.11*
16:0 13.62 20.7 ± 0.3 20.1 ± 0.1 18.7 ± 0.5 16.4 ± 0.2* 14.7 ± 0.2 13.9 ± 0.2*
16:1 2.81 2.61 ± 0.13 1.32 ± 0.03* 6.34 ± 0.12 5.87 ± 0.17 8.5 ± 0.2 7.4 ± 0.3*
18:0 3.83 4.9 ± 0.3 6.7 ± 0.3* 4.1 ± 0.1 3.8 ± 0.1 3.1 ± 0.1 3.1 ± 0.2
18:1 21.06 8.7 ± 0.5 9.4 ± 0.2 13.1 ± 0.2 16.5 ± 0.3* 18.1 ± 0.5 20.0 ± 0.5*
18:2n-6 36.29 3.2 ± 0.3 7.5 ± 0.2* 3.8 ± 0.5 11.0 ± 0.3* 9.1 ± 0.5 14.4 ± 1.0*
18:3n-6 — 0.17 ± 0.03 0.21 ± 0.02 0.33 ± 0.01 0.38 ± 0.02 0.37 ± 0.03 0.46 ± 0.01
18:3n-3 5.39 0.56 ± 0.02 0.73 ± 0.07 0.89 ± 0.04 1.85 ± 0.02* 1.67 ± 0.2 2.29 ± 0.07*
20:1n-9 2.51 0.48 ± 0.05 0.82 ± 0.05* 3.02 ± 0.36 3.53 ± 0.15 3.34 ± 0.3 4.26 ± 0.60
20:2n-6 — 0.28 ± 0.07 0.91 ± 0.15* 0.35 ± 0.03 0.74 ± 0.01* 1.71 ± 0.15 00.87 ± 0.18*
20:3n-6 — 0.22 ± 0.04 1.09 ± 0.31 — — 0.22 ± 0.01 0.30 ± 0.02*
20:4n-6 0.25 4.2 ± 0.2 4.1 ± 0.1 1.04 ± 0.02 0.85 ± 0.02* 0.76 ± 0.01 0.69 ± 0.01*
20:5n-3 (EPA) 3.58 9.6 ± 0.5 6.6 ± 0.6* 9.3 ± 0.2 7.8 ± 0.1* 8.6 ± 0.3 6.7 ± 0.2*
22:1n-9 1.89 — — — — — —
22:5n-6 — 0.24 ± 0.03 0.26 ± 0.03 0.46 ± 0.03 0.34 ± 0.01* 0.39 ± 0.01 0.35 ± 0.01
22:5n-3 0.88 1.69 ± 0.05 1.51 ± 0.16 2.67 ± 0.12 2.63 ± 0.07 3.42 ± 0.03 3.22 ± 0.02*
22:6n-3 (DHA) 5.20 40.4 ± 0.9 37.2 ± 0.6* 31.5 ± 0.5 23.8 ± 0.8* 19.4 ± 0.6 16.0 ± 0.8*
ΣSFA 20.14 27.7 ± 0.5 28.2 ± 0.4 27.4 ± 0.6 24.7 ± 0.2* 24.6 ± 0.2 23.2 ± 0.4*
ΣMUFA 28.27 11.8 ± 0.5 11.6 ± 0.2 22.5 ± 0.4 25.9 ± 0.6* 29.9 ± 0.7 31.6 ± 0.7
Σn-6 PUFA 36.54 8.3 ± 0.4 14.1 ± 0.7* 6.0 ± 0.1 13.3 ± 0.3* 12.6 ± 0.4 17.1 ± 0.8*
Σn-3 PUFA 15.05 52.3 ± 1.3 46.2 ± 1.1* 44.3 ± 0.3 36.1 ± 0.7* 33.1 ± 1.0 28.2 ± 1.2*
EPA + DHA 8.78 50.0 ± 0.9 43.8 ± 0.6* 40.8 ± 0.6 31.6 ± 0.8* 28.0 ± 0.6 22.7 ± 0.8*
EPA + DHA (mg/organ) 52.9 ± 1.8 41.0 ± 1.3* 701 ± 12 586 ± 8* 796 ± 11 643 ± 9*
aValues are means ± SEM (n = 6 in each group). An asterisk (*) indicates that results between control and treated groups differ significantly at P < 0.05. SFA,
saturated FA; MUFA, monounsaturated FA.



mitochondrial protein content per gram of tissue, relative to
the controls. The activity of CPT I, a key enzyme of the mito-
chondrial FA oxidation pathway, was comparable in both
groups when expressed per gram of liver. Malonyl-CoA, as
the physiological inhibitor of CPT I, was found to be 45%
more concentrated within the liver cells of treated fish than
those of the controls. The sensitivity of CPT I to malonyl-
CoA inhibition was quite similar in both groups (Fig. 1), the
enzyme activity being half reduced for the same malonyl-
CoA concentration (IC50 = 0.2 µmol/L). In peroxisomes,
palmitate oxidation rates measured using liver homogenates
were 43% greater in fenofibrate-treated fish than in the con-
trols. The activities of PFAOS, a sequence of the entire per-
oxisomal FA oxidation pathway, and of ACO, a key enzyme
in this sequence, were increased by 32 and 65%, respectively.

DISCUSSION

DHA and EPA in body lipids. One of the main observations in
this study was that, in trout fed a diet containing fish oil, EPA
and DHA accumulated in body fats to a lesser extent when the

fish were concomitantly treated with fenofibrate. In whole-body
lipids, the EPA and DHA contents predominantly depended on
their levels in the dietary oils ingested. For example, in a previ-
ous study, a mixture of fish oil and soybean oil given as the di-
etary lipid source to trout gave rise to a FA profile in the liver
lipids close to that found in this study (35). Furthermore, replac-
ing soybean oil in the diet with fish oil reportedly resulted in
higher levels of EPA and DHA and in lower levels of n-6 FA in
tissues of Atlantic salmon (Salmo salar) (36) and rainbow trout
(37). However, DHA also originates within the liver cells from
EPA or 18:3n-3 through microsomal desaturation/elongation
steps, followed by a retroconversion process in peroxisomes, as
demonstrated in mammals (38) and in rainbow trout (39). Nev-
ertheless, when fish oil (or DHA) was added to the diet, as in the
case of our model, the de novo synthesis of DHA from labeled
18:3n-3 was clearly reduced (39,40). Synthesis of EPA from α-
linolenic acid occurs through the aforementioned microsomal re-
actions as well (39). EPA and DHA are also substrates for oxida-
tion reactions, which are somehow likely to alter the levels of
these VLCFA in tissue lipids. This last aspect constitutes the
main concern of this study.
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TABLE 3
Effects of Fenofibrate Treatment on Mitochondrial and Peroxisomal Marker Enzyme 
Activities in the Liver of Rainbow Trouta

Marker enzyme activities Control Fenofibrate-treated

Mitochondrial enzymes
Monoamine oxidase activity

In tissue homogenates (mIU/g wet tissue) 63 ± 6 89 ± 4*
In mitochondrial fractions (mIU/mg protein) 1.48 ± 0.07 1.53 ± 0.04

Citrate synthase activity
In tissue homogenates (mIU/g wet tissue) 5471 ± 93 6982 ± 150*
In mitochondrial fractions (mIU/mg protein) 166 ± 5 191 ± 7*

Mitochondrial protein contentb (mg protein/g wet tissue) 37.8 ± 1.4 47.3 ± 1.1*
Peroxisomal enzymes

Catalase activity (IU·103/g wet tissue) 27.3 ± 0.5 35.5 ± 2.8*
Urate oxidase (IU/g wet tissue) 0.51 ± 0.05 0.37 ± 0.03*

aValues are means ± SEM (n = 6 in each group). An asterisk (*) indicates that results between control
and treated groups differ significantly at P < 0.05.  
bCalculated by dividing monoamine oxidase and citrate synthase activities, expressed per gram of
wet tissue, by the corresponding specific activities in mitochondrial fractions. 

TABLE 4
Effects of Fenofibrate Treatment on Parameters Related to Mitochondrial and Peroxisomal
FA Oxidation in the Liver of Rainbow Trouta

FA oxidation-related activities Control Fenofibrate-treated

Mitochondria-related parameters
Total L-carnitine content (nmol/g wet tissue) 78.9 ± 4.2 56.9 ± 2.1*
Carnitine-dependent palmitate oxidation (nmol/min·g wet liver–1)

Calculated from tissue homogenates 42.9 ± 2.6 49.9 ± 2.8* 
Calculated from isolated mitochondriab 9.76 ± 0.60 9.00 ± 0.45

Carnitine palmitoyltransferase Ib (nmol/min·g wet liver–1) 26.1 ± 1.5 26.0 ± 1.8*
Malonyl-CoA content (nmol/g wet liver) 56.2 ± 3.7 81.9 ± 6.4*

Peroxisomal-related activities in tissue homogenates (nmol/min·g wet liver–1)
Carnitine-independent palmitate oxidation 4.1 ± 0.3 5.9 ± 0.5*
Acyl-CoA oxidase 350 ± 40 580 ± 50*
Peroxisomal FA oxidizing system 55.8 ± 3.9 73.7 ± 4.4*

aValues are means ± SEM (n = 6 in each group). An asterisk (*) indicates that results between control
and treated groups differ significantly at P < 0.05.
bCalculated from activities of mitochondrial fractions (nmol/min·mg protein–1) multiplied by the cor-
responding mitochondrial protein contents per gram of liver. 



Alterations of liver growth. Fenofibrate-induced hepatic
effects are well documented in mammals, but their levels ap-
pear to differ greatly in trout. In humans, the drug is used as a
normolipidemic agent, as are other members of the fibrate
family known to activate PPARα (9,10). In rodents, and rats
in particular, the range of effects includes enlargement of the
liver through anti-apoptotic mechanisms (41) and an increase
in number and size of mitochondria and peroxisomes within
the hepatic cells (42–44). In trout, however, we observed that
the fenofibrate treatment did not enlarge the liver but did in-
crease the content of mitochondrial protein per gram of tissue
somehow. Interestingly, gemfibrozil administered to trout for
2 wk reportedly caused significant liver enlargement (20),
which could be considered a secondary or belated effect of
this fibrate. As regards peroxisome marker enzymes, catalase
exhibited higher activity rates, which may correspond to an
increase in hydrogen peroxide production, in accordance with
observations made on rat perfused liver (45,46). On the con-
trary, urate oxidase activities were slightly depressed in
treated fish, relative to controls. Urate oxidase is considered
as a stable component of peroxisomes in hepatic cells irre-
spective of applied treatments (47), at least in rodents; thus,
its activity rates were logically also affected little in trout,
even when other peroxisomal activities were increased. 

Effects on activities related to FA oxidation. In rodents,
fenofibrate strongly induced peroxisomal and mitochondrial
activities related to corresponding FA oxidation pathways
within the liver (13,48), but in trout, these activities were af-
fected at a much lower level after the same treatment. DHA, as
a VLCFA, is a substrate for FA oxidation within peroxisomes
(49,50), whereas long-chain FA (LCFA) containing 16 to 18

carbons are preferentially oxidized within mitochondria (47).
EPA is reportedly degraded within both organelles (50). That
the percentages of DHA and EPA were highest in hepatic lipids
suggests that the liver is a crucial organ in the metabolism of
these VLCFA and in their distribution to other organs through
lipoprotein secretion. From Table 2, it is apparent that oleic,
linoleic, and α-linolenic acids, which are abundant in the di-
etary lipids and are good substrates as CoA-derivatives for CPT
I (22,51), were dramatically diminished within the liver lipids
of both groups. This result suggests that oleic and linoleic acids
are oxidized within the mitochondria for energy requirements,
and that α-linolenic acid is a very good substrate for the β-oxi-
dation pathway and also a precursor for EPA/DHA biosynthe-
sis. Conversely, even though poorly represented in the dietary
lipids, EPA and DHA accumulated markedly, but to a slightly
lesser extent, in fenofibrate-treated fish. This fact was observed
in the three organs studied, accounting for a notable deficit in
EPA and DHA per whole trout.

Mitochondrial FA oxidation. Surprisingly, whereas fenofi-
brate treatment was reported to increase the total L-carnitine
content of the rat liver more than fivefold (13), this content
was markedly decreased when trout were treated under simi-
lar experimental conditions. Carnitine-dependent palmitate
oxidation rates, as measured in vitro in the presence of exoge-
nous L-carnitine, were slightly greater from crude liver ho-
mogenates but similar when calculated from isolated mito-
chondria of treated fish relative to the controls. This result is
in accordance with the comparable activity found per gram of
tissue of CPT I as the key enzyme of the mitochondrial FA
oxidation pathway. In both groups, the controlling effect of
malonyl-CoA on CPT I was very efficient, since the malonyl-
CoA concentration that inhibited CPT I activity by 50% was
around 0.2 µmol/L, as already reported in trout (52). Owing
to the greater malonyl-CoA content per gram of liver in
treated fish, a more marked decrease in CPT I activity would
be expected in vivo and would reduce the activity of the mi-
tochondrial FA oxidation pathway in this group. In this con-
text, Osmundsen and Bjornstad (53) showed that DHA in-
hibits the mitochondrial β-oxidation of other FA, which could
apply to both groups. As a result, the higher percentage of all
the FA possessing 18 carbons in the hepatic lipids of fenofi-
brate-treated trout might indicate lower activities of the mito-
chondrial FA oxidation enzymes.

Peroxisomal FA oxidation. All the peroxisomal activities
expressed per gram of liver and related to carnitine-indepen-
dent FA oxidation were increased by about 30% by fenofi-
brate treatment. These increases could be considered modest
relative to the greater effects of fenofibrate in rats on the same
basis (13,54). In trout, the increase in peroxisomal FA oxida-
tion capacities may be associated with an increase in the
retroconversion of 24:6n-3 to DHA within the peroxisomes,
as observed in mammals (38). Yet the abundance of DHA was
slightly lower in treated trout, which suggests that the in-
crease in peroxisomal FA oxidation by fenofibrate treatment
was sufficient to significantly chain-shorten a greater part of
the DHA (and also of the EPA), the shortened products then
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FIG. 1. Sensitivity of carnitine palmitoyltransferase I to malonyl-CoA inhi-
bition in mitochondria isolated from the liver of rainbow trout with or
without fenofibrate treatment. T-bars show SEM (n = 6 in each group). All
malonyl-CoA concentrations checked gave rise to values between the
control and fenofibrate-treated trout not significantly different at P < 0.05.



being oxidized through the mitochondrial carnitine-depen-
dent FA oxidation pathway (47).

Regulation of FA oxidation. It has been shown that, in cul-
tured mammal cells, DHA is capable of enhancing the levels
of mRNA expression of CPT I and ACO through PPARα ac-
tivation, as did the fibrate-related drugs (55). Therefore, we
were puzzled that, in trout, the continuous ingestion of EPA
and DHA was not associated with high mitochondrial and
peroxisomal enzyme activities. This suggests that, in trout,
VLCFA are ligands with relatively poor affinity for PPARα.
The use of fenofibrate, which is one of the more potent acti-
vators of PPAR in rodents, appeared to be inefficient in liver
growth and mitochondrial activities and to be moderately ef-
fective on peroxisomal activities in trout. These data may in-
dicate that the conformation of PPAR and/or their levels of
mRNA expression in the liver of trout differ strongly from
those in rats. The trout model also allowed us to demonstrate
that the composition of VLCFA in lipids may be significantly
altered, even through moderately increased peroxisomal FA
oxidation activity. From a practical point of view, the impos-
sibility of inducing a peroxisomal FA oxidation system in
trout equal to that in rats suggests that fish are relatively in-
sensitive to the fenofibrate-related xenobiotics accidentally
present in the environment.
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ABSTRACT: The effects of EPA and DHA on the function and
gene expression of a B-lymphocyte cell line (Raji) were investi-
gated. Proliferation; production of interleukin-10 (IL-10), tumor
necrosis factor (TNF)-α, and interferon (INF)-γ; and expression
of pleiotropic genes were evaluated. Cell proliferation was in-
creased in the presence of 12.5 µM EPA (approximately
twofold) and 12.5 µM DHA (approximately 1.5-fold). EPA and
DHA (25 µM) also decreased production of the key immunoreg-
ulatory cytokines IL-10, TNF-α, and INF-γ. EPA and DHA
changed the expression of specific genes, but this effect was
more marked for EPA (25.9% of genes investigated) compared
with DHA (8.4% of genes investigated). EPA and DHA affected
the expression of genes clustered as: cytokines, signal transduc-
tion, transcription, cell cycle, defense and repair, apoptosis, cell
adhesion, cytoskeleton, and hormones. The most remarkable
changes were observed in the genes of signal transduction and
transcription. These results led us to conclude that the mecha-
nism of DHA and EPA effects on B-lymphocyte functions in-
cludes regulation of gene expression. Thus, the ingestion of fish
oil, a rich source of EPA and DHA, may have a strong effect on
B-lymphocyte function in vivo. However, remarkable differ-
ences were observed between DHA and EPA, demonstrating
that specific effects of these FA may be responsible for the
marked differences in edible oil effects on immune function in
vivo reported by others.

Paper no. L9475 in Lipids 39, 857–864 (September 2004).

Fish oil (FO) exerts beneficial effects with respect to the treat-
ment of inflammatory diseases such as autoimmune disease and
allergy (1,2). FO ingestion leads to enhanced production of the
3-series prostaglandins (PG) and thromboxanes and the 5-series
of leukotrienes while reducing 2-series PG and 4-series
leukotriene production (3). These changes in eicosanoid synthe-
sis may regulate the isotype and production of antibodies via B-
lymphocyte-dependent events (4,5). The beneficial effects of FO
are related to the high content of n-3 fatty acids (FA) EPA (20:5)
and DHA (22:6), which have potent regulatory effects on the
function of many cell types (6,7). However, although EPA and

DHA belong to the same family of FA (n-3), in general they pro-
voke different effects on cell function (8–10). 

In relation to B-lymphocyte function, antibody production,
switching and secretion can be modulated by specific PG (11).
n-3 and other long-chain PUFA administered orally modulate
immune responses and hypersensitivity reactions (12–14).
Mice fed γ-linoleate (n-6) have lower immunoglobulin E pro-
duction than those fed α-linolenate (n-3) (15). Mice fed α-
linolenate survive for longer periods of time than those fed γ-
linoleate after antigen-induced anaphylactic shock (15) proba-
bly owing to suppression of eicosanoid production. An increase
in the n-3 to n-6 FA ratio of the diet is effective in reducing the
severity of immediate-type allergic hypersensitivity (16).

Several mechanisms by which FA influence lymphocyte
function have been postulated (17–19). FA may modulate the
amount and types of eicosanoids produced (such as those
comprising specific classes of leukotrienes, thromboxanes,
and PG). However, FA may also elicit some of their effects
via eicosanoid-independent mechanisms, including actions
upon intracellular signaling pathways (20,21), transcription
factor activity (22), and cell metabolism (23). Long-chain FA
can modulate calcium signaling (24), ceramide production
(25), phospholipase C activation and subsequent production
of inositol-1,4,5-triphosphate and DAG (19), and thus protein
phosphorylation (26). In addition to the mechanisms de-
scribed above, FA are also known to regulate gene expression
and cause cell death (27–30). 

To date, no study has determined the individual effects of
EPA and DHA on B-lymphocytes, although the effect of these
FA on T-lymphocyte function and viability has been investi-
gated (31). The comparative effects of EPA and DHA on pa-
rameters of FA composition, cell survival, proliferation, cy-
tokine production, and gene expression were determined in
Raji cells, a well-known B-lymphocyte model established by
Epstein et al. (32,33). Cell proliferation was determined by
measuring [14C]thymidine incorporation. Production of inter-
leukin (IL)-10, interferon-gamma (INF-γ), and tumor necro-
sis factor-alpha (TNF-α) was determined by ELISA. Expres-
sion of some pleiotropic genes was analyzed by macroarray
technique. The genes selected for analysis were related to sev-
eral B-lymphocyte functions such as cytokines, signal trans-
duction, transcription factors, defense against oxidative
stress, and apoptosis.
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MATERIAL AND METHODS

Culture conditions and FA treatment. Raji cells were obtained
from the Dunn School of Pathology, Oxford University, Eng-
land. The cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum. EPA and DHA addition did
not result in toxicity to Raji cells up to 50 µM as indicated by
loss of membrane integrity and DNA fragmentation assessed by
flow cytometric analysis (FACS-Calibur; Becton Dickinson, San
Jose, CA) (34). The FA were first dissolved in ethanol before
they were added to the serum protein-containing medium. The
percentage of ethanol was always lower than 0.05% of the total
volume of culture medium. This concentration of ethanol was
not toxic to the cells as also observed by Siddiqui et al. (35).

Lipid extraction and determination of DHA and EPA con-
tent by HPLC. The lipids were extracted as previously de-
scribed (36) from Raji cells cultured for 24 h in the presence
of 25 µM DHA or EPA. The lipids were saponified using 2 mL
of an alkaline methanol solution (1 mol NaOH/L in 90%
methanol) at 37°C, for 2 h, in a shaking water bath. Afterward,
the alkaline solution was acidified to pH 3 with HCl solution
(1 mol/L). FA were then extracted three times with 2 mL
hexane. After the extraction procedure and saponification
(37–39), the FA were derivatized with 4-bromomethyl-7
methoxycoumarim (40), and the analysis performed on a Shi-
madzu model LC-10A liquid chromatograph. The samples
were placed on a C8 column (25 cm × 4.6 mm i.d., 5 µm of
particles) following a precolumn C8 (2.5 cm × 4.6 mm i.d., 5
µm of particles), with a flow rate of 1 mL/min of acetoni-
trile/water (77:23, vol/vol), and a fluorescence detector (325
nm excitation and 395 nm emission). The standard mixture of
FA was obtained from Sigma Chemical Co. (St. Louis, MO).
Margaric acid (17:0) was used to calculate recovery. The ca-
pacity factor (K′), elution sequence, linearity, recovery, preci-
sion, interference, and limit of detection were determined. The
minimum limit of quantification of the FA ranged from 1 to
10 ng. One curve of calibration for each standard, determining
coefficients of correlation and regression, was obtained. 

Proliferation assay. Raji cells (3.3 × 105 cells/mL) were
plated in 96 well microtiter plates and treated for 48 h with EPA
and DHA (12.5, 25, 50, 75 µM). [14C]Thymidine (1 µCi/mL)
was added to the medium at the beginning of the experiment.
Plates were incubated in a humidified atmosphere of 5% CO2
and 95% air at 37°C. Cells were collected by using a Skatron
Combi Multiple Cell Harvester (Suffolk, United Kingdom), and
the radioactivity of the [14C]thymidine incorporated into DNA
was determined by using a β counter (Packard Tri-Carb 2100 TR
counters; Downers Grove, IL). The incorporation of [14C]thymi-
dine was expressed as total counts per minute. 

Measurement of cytokine secretion. The cells (2 × 105 cells
per mL) were plated in 24-well plates and treated for 24 h with
EPA and DHA at 25 µM. The cells were then cultured for an-
other 24 h in the presence of 25 µg/mL concanavalin A (Con A).
ConA receptors have been described in the surface membrane of
B lymphocytes (41). Afterward, cell culture supernatant fluid
was collected for determination of secreted cytokines. 

The production of IL-10, INF-γ, and TNF-α was evaluated
by ELISA using Kit OptEIA™ from Pharmingen (San Diego,
CA). The detection limit of IL-10 and TNF-α was 7.8 pg/mL
and of INF-γ was 4.7 pg/mL (according to the manufacturer).

Incubation of Raji cells with FA to evaluate pleiotropic
gene expression. Cells were resuspended at a density of 2 ×
106 cells/mL in 25-cm3 flasks containing RPMI-1640
medium and 10% fetal calf serum. Cells were treated for 24 h
with EPA and DHA at 25 µM concentration. A similar proce-
dure was used in previous work (42).

Total RNA extraction. Total RNA was obtained from 0.5–1
× 107 cells by lysis with 1 mL Trizol reagent (Life Technol-
ogy, Rockville, MD). After 5 min of incubation at room tem-
perature, 200 µL chloroform was added to the tubes, which
were centrifuged at 12,000 × g. The aqueous phase was trans-
ferred to another tube, and the RNA was pelleted by centrifu-
gation (12,000 × g) with cold ethanol and dried in air. Subse-
quently, RNA pellets were resuspended in RNase-free water
and treated with DNase I. RNA samples were stored at −70°C
until the time of the experiment. The RNA was quantified by
measuring absorbance at 260 nm. The purity of the RNA was
assessed by the ratio of the absorbances at 260 vs. 280 nm and
on a 1% agarose gel stained with ethidium bromide at 5 µg/mL
(43). These samples were used for macroarray and reverse
transcription-polymerase chain reaction (RT-PCR) analysis. 

Synthesis of cDNA probes. The cDNA probes were synthe-
sized using the pure total RNA labeling system Atlas Kit™ ac-
cording to manufacturer’s recommendations (Clontech Labora-
tories, Palo Alto, CA). Briefly, 10 µg of total RNA and 2 µL
primers mix “CDs” (a specific mix of primers relative to the
genes present in the macroarray membrane) were heated at 70°C
for 5 min in a Techne-Genius Thermal cycler (Oxford, United
Kingdom). The temperature was decreased to 50°C and 13.5 µL
of the mixture of the following reagents was added: 4 µL reac-
tion buffer 5×, 0.5 µL 100 mM DTT, 2 µL 10× dNTP mix (dCTP,
dGTP, dTTP), 5 µL of [α-33P]ATP (at 10 µCi/µL), and 2 µL of
reverse transcriptase enzyme (Invitrogen, Rockville, MD). The
reaction was incubated for 25 min at 50°C and stopped by using
2 µL Termination Mix (Clontech Laboratories, Palo alto, CA).
The 33P-labeled probe was purified from unincorporated nu-
cleotides by passing the reaction mixture through a push column
(NucleoSpin Extraction Spin Column; Clontech Laboratories).
Experiments using 20 µg total RNA were also performed, and
the results indicated saturation of the hybridization process (data
not shown).

Macroarray hybridization. All solutions for hybridization
were obtained from Clontech Laboratories. The membrane was
prehybridized for 30 min at 68°C in Express Hyb containing 50
µg freshly denatured salmon sperm DNA. Subsequently, the
membrane was hybridized over 18 h at 68°C with 2 × 106

cpm/mL 33P-labeled denatured probe. The membrane was
washed twice at 68°C with 1 × SSC, 0.1% SDS; followed by two
washes in 1 × SSC, 1% SDS; then exposed to phosphor screen
for 48 h and scanned using a Storm 840 (Molecular Dynamics,
Sunnyvale, CA).

Analysis of macroarray results. Changes in gene expression
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induced by FA were analyzed by comparison with untreated
cells using the software Array-Pro™ Analyzer, version 4
(Media Cybernetics®, Silver Spring, MD). Local ring back-
ground was subtracted from the density value of each spot to
obtain a “net” value. Spots with a mean intensity greater than
1.2 times the mean local background intensity were further
considered as “measurable spots.” Normalization was done
by calculating total intensity ratios and using the housekeep-
ing gene β-actin (the same was used for RT-PCR analysis)
present in the membrane. Duplicate hybridizations using sep-
arate sets of nylon membranes were performed for all condi-
tions. Only signals that differed from the control by at least
twofold in two independent experiments were considered as
significant. A similar procedure was used by Yamazaki et al.
(44).

RT-PCR. RT-PCR using specific primers was performed to
confirm the differential expression of the mRNAs detected by
macroarray analysis. The sequences of the primers were de-
signed using information contained in the public database of
the GeneBank of the National Center for Biotechnology In-
formation (http://www.ncbi.nlm.nih.gov/BLAST). 

The RT-PCR was performed using parameters described
by Innis and Gelfand (45). The number of cycles used was se-
lected to allow quantitative comparison of the samples in a
linear way. For semiquantitative PCR analysis, the house-
keeping β-actin gene was used as reference. The primer se-
quences and their respective PCR fragment lengths are shown
in Table 1. Published guidelines were followed to guard
against bacterial and nucleic acid contamination (46).

Analysis of the PCR products. The analysis of PCR ampli-
fication products was performed in 1.5% gels containing 0.5
µg/mL ethidium bromide and electrophoresed for 1 h at 100
V. The gels were photographed using a DC120 Zoom Digital
Camera System from Kodak (Invitrogen). The images were
processed and analyzed in the software Kodak Digital Sci-
ence 1D Image Analysis (Invitrogen).

PCR band intensities were expressed as optical density
normalized for β-actin expression. Data are presented as a
ratio compared with the respective controls, which received
an arbitrary value of 1 in each experiment.

Statistical analysis. The results of FA composition, prolif-
eration assay and measurement of cytokine production were
expressed as mean ± SEM of three experiments. Comparisons
with control (ethanol) and between DHA and EPA treatments
were performed by ANOVA. Significant differences were
found by using the Tukey–Kramer method (INStat; Graph
Pad Software, Inc., San Diego, CA).

RESULTS

Determination of FA composition by HPLC. FA analysis
showed that cells cultured in the presence of EPA or DHA (25
µM) for 24 h were subsequently enriched with the correspond-
ing n-3 FA. The proportion of EPA increased from 1.27 ±
0.41% in control cells to 21.35 ± 0.23% in EPA-treated cells.
DHA content in these cells was not altered (3.77 ± 0.34% in
control cells and 1.72 ± 0.07% in EPA-treated cells). The pro-
portion of DHA increased from 3.77 ± 0.34 to 33.89 ± 1.94%
in DHA-treated cells. EPA content in these cells was not al-
tered (1.27 ± 0.41% in control cells, and 0.75 ± 0.04% in
DHA-treated cells). The values are presented as mean ± SEM
of determinations from three experiments. These findings con-
firm the incorporation of the FA into the cells and support the
proposition that EPA is not converted into DHA in Raji cells.

Raji cell proliferation. [14C]Thymidine incorporation by
Raji cells was increased by both EPA and DHA. The increase
was more marked with EPA (1.8-, 1.9-, 2.0-, and 2.0-fold at
12.5, 25, 50, and 75 µM, respectively; Fig. 1) compared with
DHA (1.5-, and 1.3-fold at 12.5 and 25 µM, respectively; Fig.
1). DHA at 50 µM concentration had no effect on Raji cell
proliferation and at 75 µM caused a decrease. 

Production of cytokines. Cytokine production was as-
sessed in the presence of 25 µM EPA and DHA. Both EPA
and DHA significantly reduced the production of IL-10 (59
and 70%, respectively; Fig. 2), TNF-α (29 and 42%, respec-
tively; Fig. 2), and INF-γ (23 and 28%, respectively; Fig. 2).
Statistically significant differences between EPA and DHA
were observed for the production of IL-10 only. Cytokine pro-
duction without ConA stimuli was undetectable.

Pleiotropic gene expression. The comparative effects of
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TABLE 1
The Standardized Conditions for Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysisa. 

Anneling PCR fragment Number 
Genes Primer sense Primer antisense temperature (°C) lengths of cycles

PLA2 5′-AGCCCGTAGGTCATCTTGG-3′ 5′-TGCTTCAGCTTCGTCTCCTTGG-3′ 56 559 bp 30
CASP3b 5′-GTCGATGCAGCAAACCTCAGGG-3′ 5′-TGTTTCAGCATGGCACAAAGCG-3′ 56°C (15 cycles) 470 bp 35

plus 58°C (20 cycles)
Bcl-xLb 5′-CATGGCAGCAGTAAAGCAAGC-3′ 5′-GGTCAGTGTCTGGTCATTTCCG-3′ 59 470 bp 45
Myc proto-

oncogen 5′-TACCCTCTCAACGACAGCAGCT 3′ 5′-TCTTGACATTCTCCTCGGTGTCC-3′ 60 455 bp 35
Bcl-2 5′-GATGACTTCTCTCGTCGCTACC-3′ 5′-TGAAGAGTTCCTCCACCACC-3′ 60 111 bp 35
β-Actin 5′-GTGGGGCGCCCCAGGCACCA -3′ 5′-CTCCTTAATGTCACGCACGATTTC-3′ 56 545 bp 25
aThe sequence of the primers, the PCR fragment lengths, and the number of cycles are shown for each gene under study. For all genes, 1.5 mM MgCl2 was
used.
bFor CASP3 and Bcl-xL RT-PCR, formamide was used at 1.5 and 0.5% concentrations, respectively. PLA2, phospholipase A2; CASP3, caspase 3; Bcl 2, B-cell
leukemia/lymphoma protein 2. 



DHA and EPA on expression of B-lymphocyte genes related
to several aspects of cell function including signaling path-
ways, cell defense and repair, apoptosis and cytokine produc-
tion are described in Table 2. Of the surveyed genes (83 in
total), 25 were modified by at least one of the FA tested. The
proportion of genes changed by the FA was 8.4% for DHA
and 25.9% for EPA. DHA raised the expression of seven
genes, whereas EPA up-regulated 20 genes and down-regu-
lated one gene (Table 2).

RT-PCR analysis. To validate the results of the macroarray
analysis, five genes were selected for confirmation by RT-PCR
(Fig. 3). Although the magnitude was not identical, the direc-
tion of change induced by the FA was the same for both
macroarray and RT-PCR analysis. Therefore, macroarray analy-
sis performed in duplicate using pooled cells from two experi-
ments provides reliable observations (concerning FA-induced
changes in gene expression). The genes selected for analysis by
RT-PCR were those involved in important aspects of B-lympho-
cyte function including signal transduction and apoptosis. They
were altered by the treatments with DHA and EPA as indicated
by macroarray analysis. DHA increased the expression of Bcl2.
EPA raised the expression of phospholipase A2, caspase 3,
apoptosis regulator bcl-x, and Myc-proto-oncogene. 

DISCUSSION

Several studies have shown that FO rich in n-3 FA exerts im-
munomodulatory effects. However, it remains to be investi-
gated whether the immunomodulation induced by FO is due
to EPA or DHA, or a combined effect of these two n-3 PUFA.
Peterson et al. (47) and Jolly et al. (25) have shown that both

EPA and DHA have immunomodulatory effects in rats. How-
ever, some studies have shown that EPA and DHA may have
different effects on inflammation. Tomobe et al. (48) ob-
served that a DHA-rich diet, but not an EPA-rich one, reduces
the infiltration of CD4-positive T lymphocytes after the in-
duction of a hypersensitivity reaction in rats’ ears. The
mRNA levels of INF-γ, IL-6, IL-1 β, and IL-2 were also de-
creased. On the other hand, Volker et al. (49) observed that
EPA-rich diets are more effective in ameliorating the destruc-
tive arthritic phase in hock joints than DHA-rich diets. In
human subjects, a more pronounced immunomodulatory ef-
fect of EPA has been observed (50–52). 

In the present study, several functions were altered by in-
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FIG. 1. Effect of EPA and DHA on Raji cell proliferation. Cells (3.3 ×
105 cells/mL) were cultured in the presence of 12.5, 25, 50, and 75 mM
EPA or DHA for 48 h. The cells harvested and radioactivity of the [14C]
thymidine incorporated into DNA were determined by using a liquid
scintillation counter. The incorporation of [14C]thymidine is expressed
as total cpm. The values are presented as mean ± SEM of three experi-
ments. *P < 0.05 as compared with the corresponding controls. uP <
0.05 for comparison between DHA and EPA.

FIG. 2. Effect of FA on cytokine production by Raji cells. Cells were cul-
tured in the presence of EPA and DHA (25 mM) for 24 h. Cells were
then cultured for another period of 24 h in the presence of 25 µg/mL of
concanavalin A and the FA. Afterward, the supernatant fluid was used
for determination of the cytokines (by ELISA) as described in Materials
and Methods section. Values are presented as mean ± SEM of three ex-
periments. *P < 0.05 as compared with the corresponding controls (no
FA added). uP < 0.05 for comparison between DHA and EPA. IL-10,
interleukin-10; TNF-α, tumor necrosis factor α; INF-γ, interferon γ.



cubation of B-lymphocyte (Raji cells) in the presence of non-
toxic concentrations of EPA or DHA. Cell proliferation was
increased in the presence of EPA (by twofold over the con-
centration range of 12.5 to 75 µM; Fig. 1) and DHA (by 1.5-
fold in the presence of 12.5 µM; Fig. 1). At a concentration
of 75 µM, however, DHA reduced Raji cell proliferation,
whereas the stimulatory effect of EPA remained. EPA and
DHA (25 µM) significantly decreased the production of IL-
10, TNF-α, and INF-γ (Fig. 2). This suppression of cytokine
production was also observed in spleen lymphocytes from
mice fed FO-rich diets and in mononuclear cells from septic
patients who received a FO-rich infusion (53,54).

Expression of genes related to signal transduction, cell sur-
vival, apoptosis, and cytokine production was altered by the
treatment of either EPA or DHA. The significant increase in
expression of 20 selected genes and decrease in one gene by
EPA and increase in seven selected genes by DHA argues for
selective effects of these n-3 PUFA on gene transcription (Fig.

4). This may explain, at least in part, some of the distinct ef-
fects observed after treatment with these FA. For instance, the
up-regulation of the cell cycle genes cyclin-dependent kinase
10 and G1/S-specific cyclin E by EPA may be related to the
more pronounced increase in cell proliferation observed in
cells treated with 25 µM of this FA. Cell cycle regulation by
EPA and DHA has already been described by others. Yusufi et
al. (55) noticed a more pronounced inhibition of mesangial
cell proliferation by DHA when compared to EPA, probably
due to down-regulation of extracellular signal-regulated
kinase and cyclin E activity and induction of the cell cycle in-
hibitor p21 expression. A similar mechanism may be related
to the inhibition of Raji cell proliferation by high doses of
DHA observed in our study.

Gene expression of IL-10, TNF-α, and INF-γ was not al-
tered by the treatment with both FA, although their produc-
tion was decreased. These findings indicate that the modula-
tory effects of EPA and DHA on Raji cells are not due only to
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TABLE 2
Modification in Raji Cell Gene Expression after Treatment with EPA and DHA at 25 µMa–c

Cluster/GAN* Gene name EPA DHA

1. Cytokines and related receptors
X02812 Transforming growth factor beta (TGF-beta) +3.4
L08096; S69339 CD27 ligand (CD27LG); CD70 antigen +4.7

2. Signal transduction pathways
L36719 Mitogen-activated protein kinase kinase 3 (MAPKK 3) +2.7
M31158 cAMP-dependent protein kinase type II beta regulatory subunit (PRKAR2B) +2.6
Z29090 PI 3 kinase catalytic subunit alpha isoform (PI3 kinase) +2.4 +2.0
U39657 Mitogen-activated protein kinase kinase 6 (MAPKK 6) +4.0 +2.9
M86400 Phospholipase A2 (PLA2) +2.2

3. Transcription factors and related genes 
L26318 c-jun N-terminal Kinase 1 (JNK-1) +2.0
M29366; M34309 ErbB3 proto-oncogene (HER3) +2.5
L19067 Nuclear factor of kappa light polypetide gene enhancer in B cells 3 (NFKB3) +5.3 +2.5
V00568 Myc proto-oncogene +2.1
X13293 MYB-related protein B (B-MYB) +2.8

4. Cell cycle 
L33264 Cyclin-dependent kinase 10 (CDK10) +2.3
M73812 G1/S-specific cyclin E (CCNE) +3.4

5. Defense and repair
K00065; X02317 Cytosolic superoxide dismutase 1 (SOD1) +2.2
X08058 Glutathione S-transferase pi (GSTP1) +4.2
M11717 Heat shock 70 kDa protein 1 (HSP70.1) +2.5

6. Apoptosis
U13737 Caspase 3 (CASP3) +2.1
L22474 BCL-2-associated X protein membrane (BAX) +2.8
Z23115 Apoptosis regulator bcl-x (bcl-xL) +2.3
X89986; U34584 NBK apoptotic inducer protein; BCL-2 interacting killer protein (BIK) +6.8
M14745 B-cell leukemia/lymphoma protein 2 (Bcl2) +3.9

8. Cell adhesion, cytoskeleton, and related genes
M34064; X57548; X54315; S42303 Cadherin 2 (CDH2); neural cadherin (N-cadherin; NCAD) +2.6
Z15009 Laminin gamma 2 subunit (LAMC2) +44

9. Hormones
M27544 Insulin-like growth factor (IGF1) -5.3

aResults are described as fold-changes in expression.
bRaji cells were treated for 24 h with EPA and DHA (25 µM). Total RNA was isolated, retrotranscribed, 33P-labeled, and hybridized to the cDNA array pre-
senting 83 transcripts of known genes. The signals were then analyzed by Pro-Analysis Software Array-Pro™ Analyzer, version 4 (Media Cybernetics®, Silver
Spring, MD) and expressed as -fold increase (+) or decrease (−) in relation to untreated cells. Data are presented as means of two pools of cells from two dif-
ferent experiments. Only signals that differed from the untreated cells by at least wofold were considered as significant. For details of the calculations see the
Material and Methods section.
cGAN, GeneBank accession number.



changes in gene expression. Indeed, as mentioned in the in-
troductory section, FA can modulate calcium signaling (56),
ceramide production (57), phospholipase C and D activation
(19,58), and protein phosphorylation (10,59). We can then
postulate that the modulatory effect of EPA and DHA on B-
lymphocyte function involves several mechanisms that in-
clude regulation of gene expression.

In summary, this study provides evidence that EPA and DHA
present different effects on B-lymphocyte proliferation and ex-

pression of genes related to its function (e.g., signal transduc-
tion). Thus, we postulate that FO with different proportions of
DHA and EPA may have different therapeutic actions.
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FIG. 3. Confirmation by reverse transcription-polymerase chain reaction (RT-PCR) of the genes
modified by the FA as detected by macroarray analysis (Table 2). Raji cells (107 cell/condition)
were exposed for 24 h to the following conditions: control (no FA added), DHA, and EPA (25
µM). After this time, the cells were harvested, mRNA was extracted, and RT-PCR was per-
formed with the equivalent of 107 cells. PCR band intensities were expressed as optical den-
sity corrected for β-actin expression. Data are presented as the ratio with the respective con-
trols, which received an arbitrary value of 1 in each experiment. The values are presented as
mean ± SEM for four experiments. PLA2, phospholipase A2; CASP3, caspase 3; Bcl-xL, apopto-
sis regulator bcl-x; Bcl-2, B-cell leukemia/lymphoma protein 2. *P < 0.05 as compared with
the corresponding controls (no FA).
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ABSTRACT: We have previously reported the cloning of cas-
tor diacylglycerol acyltransferase (RcDGAT) based on its ho-
mology to other plant type 1 diacylglycerol acyltransferases
(DGATs). To elucidate the physiological role of the RcDGAT,
we have investigated the regulation of RcDGAT expression in
developing seeds of castor. The RcDGAT transcript appeared at
12 d after pollination (DAP), reached the highest level at 26
DAP, and declined rapidly after that. However, the RcDGAT
protein started to accumulate at 26 DAP, reached its peak at 47
DAP, then remained at this high level until 54 DAP. The signifi-
cant difference between the expression of mRNA and protein
indicates that gene expression of RcDGAT in maturing castor
seeds is controlled at the posttranscriptional level. We found
that DGAT activity measured in microsomal membranes iso-
lated from seed at different stages of development was parallel
to RcDGAT protein level, suggesting DGAT activity is mainly a
function of the level of RcDGAT protein. We monitored the tri-
acylglycerol (TG) composition and content during seed devel-
opment. Compared with the overall rate of TG accumulation,
DGAT activity appeared coincidently with the onset of lipid ac-
cumulation at 26 DAP; the highest DGAT activity occurred dur-
ing the rapid phase of lipid accumulation at 40 DAP; and a de-
cline in DGAT activity coincided with a decline in the accumu-
lation rate of TG after 40 DAP. The ricinoleate-containing TG
content was very low (only about 7%) in oil extracted from
seeds before 19 DAP; however, it increased up to about 77% of
the oil at 26 DAP.  The relative amount of triricinolein in oil at
26 DAP was 53 times higher than that at 19 DAP, and it was
about 76% of the amount present in oil from mature castor
seeds. The close correlation between profiles of RcDGAT activ-
ity and oil accumulation confirms the role of RcDGAT in castor
oil biosynthesis.

Paper no. L9612 in Lipids 39, 865–871 (September 2004).

The oil from castor seed (Ricinus communis) contains 90%
ricinoleate, a hydroxy FA that is particularly useful because it
is extremely viscous and is therefore an excellent source for
biodegradable lubricants and greases (1). Worldwide, the an-
nual production of castor oil is about 460,000 tons (1.1 mil-
lion tons of seeds), produced mainly in India, Brazil, and

China (http://www.hort.purdue.edu/newcrop/). The United
States spends over $50 million annually to import castor for
industrial applications including such diverse products as lu-
bricants, greases, plasticizers, cosmetics, pharmaceuticals,
paints, plastics, coatings, antifungal compounds, shampoo,
and thermopolymers.  

Conventional domestic production of castor oil, however,
is seriously hindered owing to the presence of a toxic protein,
ricin, as well as various allergenic albumins. Efforts to engi-
neer other plants to produce oil with high levels of ricinoleate
by expression of the oleoyl-hydroxylase gene have been un-
successful as a result of the plants’ inability to “move” ricin-
oleate through the lipid biosynthetic pathway into triacylglyc-
erols (TG) (2). An understanding of how plants assemble TG,
and specifically how a plant like castor can accumulate seed
oil in which the FA composition exceeds 90% in a single FA,
ricinoleate, is a prerequisite before such an effort can be under-
taken successfully. Moreover, such basic biosynthetic informa-
tion will be useful in engineering microbes that can convert sur-
plus oils to higher-value industrial oils. It will also prove useful
in reprogramming castor to produce other useful FA.

The regulatory factors that influence oil accumulation in
castor seeds are largely unknown (3). Acyl-CoA-dependent
diacylglycerol acyltransferase (DGAT) is thought to be a key
enzyme in controlling the biosynthetic rate of TG in most oil-
seeds (4,5). It is the only enzyme in the Kennedy glycerol-3-
P pathway that is exclusively committed to TG synthesis (6)
although there are two types, DGAT1 and DGAT2. The
DGAT is responsible for the acylation of 1,2-diacylglycerol
(1,2-DG) at the sn-3 position using an acyl-CoA substrate.
Genes encoding DGAT have been cloned and characterized
from several plant species (7–9). Both DGAT1 and DGAT2
have been reported in plants. While the DGAT2 from fungi
has been shown to have a stronger preference for acylating
DG with medium-chain acyl groups, it does not apparently
have a significant effect on the FA composition of the oil (10).
We recently reported the identification of a cDNA encoding a
castor DGAT (RcDGAT) and demonstrated that the RcDGAT
preferentially incorporated diricinolein into TG (11). Deter-
mination of the content and composition of storage lipids in
developing seeds has been reported in numerous oilseed crops
(12–14); however, how the developmental profile of an en-
zyme participating in TG biosynthesis is regulated and corre-
lated with oil accumulation remains poorly understood. In the
present paper, we report our studies of the regulation of
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RcDGAT protein expression and function during castor seed
development. We also examine the correlation between
RcDGAT activity and oil accumulation.

EXPERIMENTAL PROCEDURES

Northern blot analysis. RNA samples were extracted from
castor seeds at different developmental stages using the
method of Gu et al. (15). Five µg of total RNA was applied
to each lane in a 1% agarose gel with 2% formaldehyde. The
probe used for hybridization was generated by PCR labeling
with digoxigenin (DIG-dUTP) using RcDGAT cDNA as tem-
plate and the primers: 5′-AAGACCCCATGGCGATTCTC-
GAAACGCCAGAA-3′ (HE-15F) and 5′-CTGAGAGCTT
CAGAACCCTCTCAA-3′ (HE-6R). Northern analysis was
performed based on the DIG Application Manual for Filter
Hybridization (Roche Molecular Biochemicals, Mannhein,
Germany).  

Antibody production. Antibodies for RcDGAT were raised
in two rabbits immunized with the peptide (CVLLYYHDLM-
NRDGN), which corresponds to the C terminus of the native
protein (Pacific Immunology Corp., Ramona, CA). The car-
rier protein, keyhole limpet hemocyanin, was conjugated to
the N-terminal Cys of the peptide using m-maleimidoben-
zoyl-N-hydroxysuccinimide ester. Prior to immunization,
serum samples were obtained and the rabbits were injected
four times at 3-wk intervals with the linked peptide. Serum
was collected 1 wk after the final injection and column-puri-
fied by affinity chromatography. The titer was determined
using the remaining peptide.  

Total protein and microsomal preparations. Castor seeds
from different developmental stages were harvested and ho-
mogenized in a buffer (16) containing 400 mM sucrose, 100
mM Hepes-NaOH pH 7.5, 10 mM KCl, 1 mM MgCl2, 5 mM
EDTA, 2 mM DTT, and a protease inhibitor cocktail tablet
per 10 mL from Boehringer Mannheim (Indianapolis, IN).
The homogenate was centrifuged at 10,000 × g for 10 min to
remove cell debris, and the supernatant (total protein fraction)
was spun again at 100,000 × g for 90 min. The pellet was re-
suspended in the homogenizing buffer (microsomal fraction),
and the protein concentration was determined using Bradford
reagent (BioRad, Hercules, CA). These microsomal prepara-
tions were stored at –80°C and used for western blot and
DGAT activity assay.

Western blot analysis. Thirty micrograms of total or mi-
crosomal proteins from different developmental stages were
separated by SDS-PAGE, and electroblotted onto polyvinyli-
dene difluoride membranes. The blot was incubated with the
polyclonal rabbit antibodies described above (at 1:5,000 dilu-
tion). Horseradish peroxidase conjugated goat anti-rabbit
(Amersham Pharmacia, Piscataway, NJ) secondary antibod-
ies were diluted 1:3,000. Horseradish peroxidase activity was
visualized using chemiluminescence (ECL kit; Amersham
Pharmacia).

In vitro DGAT assay.  The DGAT assay was performed as
in Cases et al. (17) with minor modifications. Assay mixtures

(100 µL) contained 0.1 M Tris-HCl pH 7.0, 20% glycerol,
400 µM 1,2-diricinolein, and 20 µM [14C]oleoyl-CoA
(200,000 cpm), and reactions were started by the addition of
100 µg microsomal protein. The reactions were incubated for
15 min at 30°C with shaking and stopped by the addition of 1
µL 10% SDS. The 1,2-diricinolein was prepared as a 10-mM
stock in 0.5% Tween-20. Lipids were extracted from assay
mixtures using chloroform/methanol as previously described
(18). The molecular species of TG products were separated
using C18 HPLC (25 × 0.46 cm, 5 µm, Ultrasphere C18;
Beckman Instruments Inc., Fullerton, CA) (19). DGAT activ-
ity was determined based on the 14C-label incorporated into
the TG products from [14C]oleoyl-CoA.  

Quantification of RcDGAT protein and lipid contents.
Total lipids were extracted from seeds by grinding in a 2:1 chlo-
roform/methanol mixture (20). Following the addition of 0.9%
NaCl, the chloroform phase was evaporated to dryness under a
stream of N2. Oil contents (%) were determined by dividing the
extracted oil (g) by the sample’s fresh weight. The abundance
of RcDGAT proteins in seed samples was quantified by mea-
suring the average intensity value of the protein bands on the
western blot using Bio-Rad Quantity One Quantitation soft-
ware. The relative amounts of oil content and RcDGAT protein
were calculated by normalizing against the highest value as
100%.

HPLC. HPLC was carried out on a liquid chromatograph
(Waters Associates, Milford, MA) using a flow scintillation
analyzer (150TR; Packard Instrument Co., Downers Grove,
IL) to detect [14C]-labeled TG or an ELSD for mass quantifi-
cation (MK III; Alltech Associates, Deerfield, IL) at a flow
rate of 1 mL/min. The drift tube temperature of the ELSD was
set at 80°C. The nitrogen gas flow of the nebulizer of the
ELSD was set at 1.0 L/min. The nitrogen pressure on the reg-
ulator of the nitrogen tank was set at about 65 psi. Separation
of lipid classes and molecular species of TG was performed
as we reported previously (21,22). The quantification of dif-
ferent molecular species of TG in Table 1 was based on rela-
tive ELSD peak area (%) in the HPLC chromatogram. Our
previous data indicated that ELSD responses of different
amounts of the standards of molecular species of TG were
nearly linear (22).

RESULTS AND DISCUSSION

Disparity of RcDGAT expression in mRNA and in protein.  To
investigate how the expression of RcDGAT is regulated in
maturing castor seeds, Northern blot analysis was performed
using RNA samples extracted from castor seeds at different
developmental stages. Figure 1 shows that RcDGAT tran-
script was detectable at 12 d after pollination (DAP), reached
a maximum at 26 DAP, and declined thereafter.  Our previous
results based on reverse transcription-polymerase chain reac-
tion indicated that the highest transcript level appeared at 19
DAP; this discrepancy may be due to the variation in samples
and detection methods used in the two experiments. To deter-
mine the expression pattern of RcDGAT protein, we raised
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antibodies to a peptide of RcDGAT in rabbits. The synthetic
peptide corresponded to a 15-amino acid peptide in the C-ter-
minus of RcDGAT. Since the C-terminus of RcDGAT is not
hydrophobic, this appears to be a suitable region from which
to derive an epitope. Total proteins were extracted and ana-
lyzed with these antibodies by western blot. The protein
started to appear at 26 DAP, kept increasing to 47 DAP, and
remained at a high level to 54 DAP, then quickly decreased to
a very low level at 61 DAP. The disparity of accumulation
patterns between RcDGAT protein and mRNA was remark-
able. Similar results were obtained from studies with cell cul-
tures of oilseed rape (9). It could be that the mRNA for
RcDGAT encodes a relatively stable protein because most of
the protein is embedded in the membrane, and therefore re-
sistant to endogenous proteases, or because some of the gene
expression is regulated at the posttranscriptional level. The
predicted size of the RcDGAT protein is 60 kDa; however,
the polypeptide detected on the blot prepared from the total
protein extracts is only about 50 kDa, which appears to be a
product of posttranslational proteolytic processing of the na-
tive RcDGAT protein. The full-length RcDGAT protein was
observed on the western blot prepared from microsomal sam-
ples isolated from 26 and 33 DAP (Fig. 2B), although it was
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TABLE 1 
Molecular Species of TG Identified and Their Contents (%) in Castor
Oil at Different Stages of Seed Developmenta

TG species 19 DAP 26 DAP 61 DAP

RRR 1 53 70
RRLs 0 0.29 1.37
RRLn 0 2.92 1.14
RRL 5.71 9.22 9.26
RRO + RRP 0 10.2 6.51
RRS 0 0.99 0.69
aAbbreviations: TG, triacylglycerols; R, ricinoleic acid; Ls, lesquerolic acid;
Ln, linolenic acid; L, linolenic acid; O, oleic acid; P, palmitic acid; S, stearic
acid; DAP, days after pollination.

FIG. 1. Expression of castor diacylglycerol acyltransferase (RcDGAT)
mRNA and protein. RNA samples were extracted from castor seeds at
different stages of development from 12 to 61 d after pollination (DAP).
Total RNA (5 µg) was used for northern analysis (B). Ethidium bromide
staining is shown to demonstrate the equal loading of RNA in the blot
(C). Another set of seeds was used to extract protein. Total protein (30
µg) was used for western blot analysis (A).

FIG. 2. Accumulation of RcDGAT proteins (n) and diacylglycerol acyl-
transferase (DGAT) activities (u) during seed maturation (A). Microso-
mal fractions isolated from seeds at 12 to 61 DAP were used for DGAT
assay and western blot analysis. The levels of RcDGAT protein and ac-
tivity at 40 DAP were used for normalizing to 100% and calculating
the relative amounts in other stages. The activity at 40 DAP was 412.72
pmol/min/ mg. The accumulation of RcDGAT protein in seed samples
was quantified by measuring the average intensity value of the protein
bands on the western blot (B) using Bio-Rad (Hercules, CA) Quantity
One Quantitation software. Molecular masses of proteins are marked
in the left margin, and 30 µg of microsomal protein was loaded in each
lane on the blot. For other abbreviation see Figure 1.

FIG. 3. Accumulation of oil (n) and DGAT activities (u) during seed
maturation. Extraction of lipids and determination of oil content in seed
samples were performed as described in the Experimental Procedures
section. The oil contents at 61 DAP (66% of the fresh weight) and the
enzyme activity at 40 DAP (624 pmol/mg/min) were normalized to
100% to calculate the relative amounts in other stages. For abbrevia-
tions see Figures 1 and 2.  



not the predominant form of the protein.  Since RcDGAT is
an integral membrane enzyme, most of the C-terminal region
is embedded in the membrane (11), whereas the N-terminal
region containing 119 amino acid residues is hydrophilic and
thus accessible to proteases. Moreover, the antibody was
raised against the C-terminal 15 amino acid residues of the
RcDGAT protein, and it detects only protein containing the
C-terminus of the protein. If the C-terminus is cleaved, there
will be no signal on the western blot. The specificity of the
antibody was confirmed by western blot of extracts from non-
induced yeast and yeast induced to express RcDGAT protein
(data not shown). Several groups have reported that DGAT
activity was found in all particulate fractions prepared from
developing seeds (23–25). We compared the RcDGAT levels
in protein from total extracts and from microsomal fractions
(Figs. 1A and 2B). The overall trends among multiple inde-
pendent experiments showed that the accumulation patterns
of RcDGAT protein from 12 to 40 DAP were identical in the
two protein extracts but started to differentiate after 40 DAP.
After 40 DAP, the protein level in the microsomal fraction de-
clined, but it remained at a high level in the total protein frac-
tion.  This result suggests that the majority of the RcDGAT
protein is present in microsomes from 12 to 40 DAP, but after
40 DAP a significant amount of the protein starts to accumu-

late in fractions other than microsomes. The specific particu-
late fractions with which RcDGAT may be associated and its
biological function are under investigation.

DGAT activity was predominantly a function of the level
of RcDGAT protein. Our previous studies showed that there
were multiple phosphorylation sites based on functional mo-
tifs and critical amino acid residues in the deduced amino acid
sequence of RcDGAT (11). It is possible that RcDGAT activ-
ity is controlled posttranslationally. It was known that most
of the DGAT activity was recovered from the 100,000 × g pel-
let, so this microsomal pellet was chosen for further charac-
terization. DGAT activity was measured in an in vitro assay
with microsomal membranes isolated from maturing seeds.
Enzyme activity was barely detectable before 19 DAP, in-
creased to a significant amount at 26 DAP, reached a maxi-
mum at 40 DAP, then quickly decreased until 54 DAP (Fig.
2A). These changes in RcDGAT activity closely correlate
with the expression pattern of RcDGAT proteins from micro-
somes (Figs. 2A and 2B). This result suggests that there is no
posttranslational control in RcDGAT activity, which is con-
sistent with the regulation of DGAT1 activity from mouse
adipocytes (26). As indicated in Figure 2B, a majority of the
RcDGAT proteins are present as partial products (50 kDa) of
the entire DGAT protein (60 kDa) in microsomes of develop-
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FIG. 4. Separation of lipid classes of total lipid (100 µg) extracted from castor seeds using a silica HPLC and ELSD
detection system. (A) Lipid extracted from seeds at 12 DAP; (B) lipid extracted from seeds at 26 DAP; (C) lipid ex-
tracted from seeds at 61 DAP. (1) Acylglycerols (AG) and FFA; (2) PE; (3) N-methyl-PE (M-PE); (4) phosphatidyl-
choline (PC). Other peaks are unknown. For other abbreviation see Figure 1.



ing seeds. The same microsomal preparations were used when
measuring the RcDGAT activities, suggesting that the cleav-
age of the 10-kDa peptide (possibly N-terminal hydrophilic
region) from the intact protein does not seem to destroy the
enzyme activity. It is possible that cleavage of the 10-kDa
peptide represents a form of posttranslational regulation. Re-
cently, DGAT2 was identified from animals, fungi, and plants
(10,27). It is unclear whether a DGAT2 is present in castor
seeds. We predict that the predominant activity in developing
seeds of castor may come from DGAT1, based on the corre-
lation between the total DGAT activity and the RcDGAT pro-
tein expression profile. However, we cannot exclude the pos-
sibility that DGAT2 is present, because the assay conditions
have been optimized for DGAT1.  

Developmental changes in oil accumulation of castor
seeds. To determine the functionality of the changes in
RcDGAT activity during seed development, oil content at
each stage was determined. As shown in Figure 3, the onset
of oil accumulation was coincident with the appearance of
DGAT activity. The maximal rate of lipid accumulation oc-
curred when the DGAT activity reached its peak at 40 DAP.
The rate of oil accumulation slowed after 40 DAP, and that
was the time at which the activity started to decrease. The

tight correlation between DGAT activity and oil deposition
also has been reported by other groups (28,29). For many
years, acyl-CoA-dependent DGAT was thought to be the only
enzyme directly involved in TG biosynthesis. Recently, an
acyl-CoA-independent enzyme called phospholipid:diacyl-
glycerol acyltransferase (PDAT) was identified in plants and
yeast (30). This enzyme catalyzes the transfer of acyl groups
from the sn-2 position of the major phospholipids to DG, thus
forming TG and lysophospholipids. Based on the correlation
of activity with oil accumulation, our results suggest that
DGAT using acyl-CoA as a substrate for acyl transfer to DG
is the main pathway for synthesis of TG, but we have not
eliminated the possibility that PDAT may also display enzy-
matic activity levels similar to DGAT during seed develop-
ment of castor.  

Developmental changes in lipid classes and TG contents.
Castor seed contains high levels of hydroxy FA in its TG. Much
of the research concerning unusual plant FA has been focused
on the identification of new structures. Little is known about
how the synthesis and incorporation of these unusual FA is
regulated. Because of the importance of maintaining mem-
brane integrity, accumulation of unusual FA produced by
plants is usually restricted to the TG. Plants that produce such
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FIG. 5. Separation of molecular species of triacylglycerol (TG) (isolated from 100 µg of lipid) from castor seeds
using C18 HPLC and ELSD detection system. (A) TG isolated from seeds at 12 DAP; (B) TG isolated from seeds at
26 DAP; (C) TG isolated from seeds at 61 DAP. For HPLC conditions, see the Experimental Procedures section. R,
ricinoleic acid; L, linoleic acid; Ls, lesquerolic acid; Ln, linolenic acid; O, oleic acid; P, palmitic acid; S, stearic
acid; for other abbreviation see Figure 1.



unusual FA must have mechanisms to ensure the removal of
the modified FA from the membrane lipids.  One of the possi-
bilities is that these seeds may have selective acyltransferases
to incorporate unusual FA into the neutral lipid fraction. Be-
fore testing this mechanism, we studied the FA distribution
and TG accumulation and compared them with the expres-
sion profile of RcDGAT protein during seed development.
The same amounts of lipids extracted from each stage were
separated into lipid classes by silica HPLC as shown in Fig-
ure 4. Besides acylglycerols (AG), there were considerable
amounts of PC and PE present in seeds at earlier developmen-
tal stages (before 19 DAP). At 26 DAP, the relative amounts
of PC and PE in seeds dropped to very low levels.  After 26
DAP, the FA were almost exclusively in AG. For analyses of
TG composition and content during seed development, the
AG fractions collected after silica HPLC were separated by
C18 HPLC and quantified using ELSD. Figure 5 shows the
separation of major molecular species of TG isolated from
different developmental stages. The contents of these TG are
shown in Table 1. The percentage of ricinoleate- containing
TG in oil extracted from seeds at 19 DAP was only about 7,
but it rapidly increased to 77 at 26 DAP. The relative amount
of triricinolein in oil increased 53 times from 19 DAP to 26
DAP, but it increased only 1.32 times from 26 DAP to 61
DAP. The data shown here suggest that the time between 19
and 26 DAP is a critical stage for castor oil biosynthesis and
that the significant switchover in lipid metabolism coincides
with the obvious increase of RcDGAT protein and activity in
this period.  

We have examined the regulation of RcDGAT expression
and function during seed development. We demonstrated that
RcDGAT expression was regulated at a posttranscriptional
level, since accumulation of transcript greatly precedes de-
tectable translation. RcDGAT activity and its effect on the
rate of TG accumulation depended primary on the levels of
RcDGAT protein. We monitored changes of the relative
amounts of different lipid classes in developing seeds of cas-
tor. A dramatic increase of TG and decrease of PC and PE
were observed in seeds from 19 to 26 DAP. We also found
that the major increase of the relative amount of triricinolein
in oil happened at this period of time (increase from 1% at 19
DAP to 53% at 26 DAP). These noticeable changes closely
correlated with the increase of RcDGAT protein and activity.
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ABSTRACT: Biomimetic oxidation of unactivated carbons for
structurally different steroids was studied with a model of cy-
tochrome P-450, oxorutheniumporphyrinate complex, which is
generated in situ by 2,6-dichloropyridine N-oxide as an oxygen
donor and (5,10,15,20-tetramesitylporphyrinate) ruthenium(II)
carbonyl complex and HBr as catalysts. The O-insertion posi-
tions depended significantly on specific structural features of
the substrates to give novel and remote-oxygenated steroids in
one step. The electrophilic oxorutheniumporphyrinate attacked
predominantly allylic and benzylic β-carbons adjacent to a π-
bond and/or less hindered, electron-rich tert-methine carbons
in the substrates to give regio- and stereoselectively the corre-
sponding oxo and/or hydroxy derivatives. 

Paper no. L9570 in Lipids 39, 873–880 (September 2004).

Oxyfunctionalization of unactivated carbon atoms of aliphatic
saturated hydrocarbons and aromatic hydrocarbons is carried
out efficiently by cytochrome P-450 enzymes in vivo (1). For
instance, cytochrome P-450-dependent oxidations are the key
steps for the biotransformations from cholesterol to various
steroid hormones and bile acids. The active site of such en-
zymes carries a heme prosthetic group. 

Many attempts have been made to mimic the action of the
P-450 enzymes by synthetic metalloporphyrins as a catalyst
and active oxygen species as an oxygen transfer agent (2–6).
Grieco and colleagues (7–9) have prepared manganese(III)
porphyrin covalently linked to steroid substrates. When the
steroid–porphyrin complexes were oxidized with iodosylben-
zene, they were capable of introducing oxygen-containing
functions at specific, nonactivated sites in the steroid moieties
via the corresponding oxomanganese(V) species.

In more recent work, a direct, true catalytic method for the
oxyfunctionalization of unactivated carbons in steroids was
attained by Breslow and co-workers (10–13). The method,
termed a model of P-450, involved the hydroxylation of
steroid derivatives carrying tert-butylphenyl groups with oxo-
manganeseporphyrinate, which is generated in situ from a

catalytic amount of manganese porphyrin substituted with
four β-cyclodextrins and excess amounts of iodosylbenzene.
Extension of this work by these workers (14) to develop a
more stable catalyst, chloro[5,10,15,20-tetrakis(pentafluo-
rophenyl)porphyrinato] manganese(III), gave oxyfunctional-
ization products in one step without the need for prior sample
derivatization. 

An alternative model of the P-450 system was developed
by Hirobe and colleagues (15–18). The system consisted of
2,6-dichloropyridine (DCP) N-oxide as an oxygen donor and
(5,10,15,20-tetramesitylporphyrinate) ruthenium(II) carbonyl
[Ru(TMP)CO] and HBr as catalysts. The oxidant system via
the oxorutheniumporphyrinate(IV) complex, with a high sta-
bility as well as excellent catalytic turnover, permitted other
selective oxidations of interest.

As part of our continuing efforts directed toward a conve-
nient, efficient synthesis of biologically important and physi-
ologically active steroids (19–21), we became interested in
the oxorutheniumporphyrinate catalyst developed by Hirobe
and colleagues (15–18). We report here the biomimetic oxy-
functionalization of structurally different steroids (1–6) by
the complex to clarify factors governing the reactivity and O-
insertion position on oxidative transformations of the sub-
strates.

EXPERIMENTAL PROCEDURES

Melting points were determined on an electric micro hot stage
and are uncorrected. IR spectra were obtained on a Bio-Rad
FTS-7 FT-IR spectrometer (Philadelphia, PA) for samples in
KBr pellets. 1H and 13C NMR spectra were obtained on a
JEOL JNM-EX 270 FT instrument (Tokyo, Japan) at 270 and
67.8 MHz, respectively, with CDCl3 containing 0.1% Me4Si
as the solvent; chemical shifts are expressed as δ-ppm relative
to Me4Si. 13C NMR signals corresponding to methyl (CH3),
methylene (CH2), methine (CH), and quaternary (C) carbons
were differentiated by means of distortionless enhancement
by polarization transfer experiments. Low-resolution MS (LR-
MS) spectra were recorded on a JEOL JMS-303 liquid chro-
matograph-mass spectrometer at 70 eV with an electron ion-
ization (EI) probe under the positive ion mode (PIM). High-
resolution MS (HR-MS) spectra were performed using a JEOL
JMS-LCmate and a JMS-700 double-focusing magnetic mass

Copyright © 2004 by AOCS Press 873 Lipids, Vol. 39, no. 9 (2004)

*To whom correspondence should be addressed. 
E-mail: takaiida@chs.nihon-u.ac.jp
Abbreviations: APCI, atmospheric pressure CI; DCP, 2,6-dichloropyridine;
EI, electron ionization; ESI, electrospray ionization; Fr., fraction; HR-MS,
high-resolution MS; LR-MS, low-resolution MS; MPLC, medium-pressure
LC; NIM, negative ion mode; PIM, positive ion mode; SC, side chain; TMP,
tetramesitylporphyrinate.

Biomimetic Oxidation of Unactivated Carbons 
in Steroids by a Model of Cytochrome P-450, 

Oxorutheniumporphyrinate Complex
Takashi Iidaa,*, Shoujiro Ogawaa, Shouhei Miyataa, Takaaki Gotob, Nariyasu

Manob, Junichi Gotob, and Toshio Nambarab

aDepartment of Chemistry, College of Humanities and Sciences, Nihon University, Sakurajousui, Setagaya, Tokyo 156-8550,
Japan, and bGraduate School of Pharmaceutical Sciences, Tohoku University, Aobayama, Sendai 980-8578, Japan



spectrometer equipped with an electrospray ionization (ESI)
probe under the PIM and an atmospheric pressure CI (APCI)
probe under the negative ion mode (NIM), respectively. A Shi-
madzu GC-2010 gas chromatograph equipped with an FID
was used isothermally at 300°C; it was fitted with an SGE
chemically bonded fused-silica capillary column (25QC3/BPX5;
25 m × 0.32 mm i.d.; film thickness, 0.35 µm; SGE, Mel-
bourne, Australia). The apparatus used for medium-pressure
LC (MPLC) consisted of a Shimamura YRD-880 RI-detector
(Tokyo, Japan) and a uf-3040s chromatographic pump using
silica gel 60 (230–400 mesh; Nacalai Tesque, Kyoto, Japan) as
adsorbent and benzene/EtOAc mixtures as eluent. TLC was
performed on precoated silica gel plates (0.25 mm layer thick-
ness; E. Merck, Darmstadt, Germany) using hexane/EtOAc/
acetic acid mixtures (80:20:1–20:80:1, by vol) as the develop-
ing solvent.

The preparation of DCP N-oxide and Ru(TMP)CO has
been described in a previous paper (21). Compounds 1–3 used
in this study were purchased from Wako Pure Chemical In-
dustries, Ltd. (Osaka, Japan). Compounds 4–6 were from our
laboratory collection. 

General procedure for the oxidation using DCP N-
oxide/Ru(TMP)CO/HBr. To a magnetically stirred solution of
steroid (1.3 mmol) in dry benzene (3 mL) and molecular
sieves (850 mg, 4 Å), DCP N-oxide (630 mg, 3.8 mmol),
Ru(TMP)CO (5 mg, 5.5 µmol), and HBr (50 µL) were succes-
sively added, and the mixture was stirred at 50°C for 48 h (the
reaction was monitored by TLC). The reaction product was
extracted with toluene, and the combined extracts were
washed with water, dried with Drierite, and evaporated to dry-
ness under reduced pressure. The residue was chro-
matographed on a column of silica gel (70–230 mesh, 50 g)
eluting with benzene/EtOAc (8:2–6:4, vol/vol) mixtures and
then by MPLC on silica gel (230–400 mesh, 20 g) eluting
with benzene/EtOAc (9:1, vol/vol).

Oxyfunctionalization products of estrone acetate (1). (i) 3-
Acetoxyestra-1,3,5(10)-triene-6,17-dione (7). Isolated from
the reaction product of 1 as colorless thin plates [fraction (Fr.)
1] crystallized from EtOAc: m.p. 186–189°C; IR νmax/cm
1767, 1738, 1680 (C=O). 1H NMR δ 0.92 (3H, s, 18-H3), 2.32
(3H, s, COCH3), 7.27 (1H, dd, J1 8.3, J2 2.4 Hz, 2-H), 7.48
(1H, d, J 8.1 Hz, 1-H), 7.77 (1H, d, J 2.4 Hz, 4-H). LR-MS
m/z 326 (18%, M), 284 (100%, M − part of ring D), 266 (5%,
M − AcOH), 240 (12%), 227 (14%). HR-MS (EI-PIM) calc.
for C20H22O4 [M]+: 326.1518. Found: m/z 326.1522.

(ii) 3-Acetoxy-9α-hydroxyestra-1,3,5(10)-triene-6,17-
dione (8). Isolated from the reaction product of 1 as colorless
needles (Fr. 2) crystallized from EtOAc: m.p. 216–219°C: IR
νmax/cm 3519 (OH), 1760, 1745 (C=O). 1H NMR δ 0.91 (3H,
s, 18-H3), 2.32 (3H, s, COCH3), 7.22 (1H, dd, J1 8.8, J2 2.4
Hz, 2-H), 7.41 (1H, d, J 8.3 Hz, 1-H), 7.77 (1H, d, J 2.4 Hz,
4-H). LR-MS m/z 342 (35%, M), 324 (1%, M − H2O), 300
(100%, M − part of ring D), 282 (19%, M − H2O − part of ring
D), 243 (7%), 215 (23%). HR-MS (EI-PIM) calc. for
C20H22O5 [M]+: 342.1467. Found: m/z 342.1469.

Oxyfunctionalization products of estrone methyl ether (2).
(i) 3-Methoxyestra-1,3,5(19)-triene-6,17-dione (9). Isolated

from the reaction product of 2 as colorless plates (Fr. 1) crys-
tallized from EtOAc: m.p. 143–144°C. IR νmax/cm 1745
(C=O). 1H NMR δ 0.91 (3H, s, 18-H3), 3.82 (3H, s, OCH3),
7.03 (1H, dd, J1 8.8 J2 2.8 Hz, 2-H), 7.32 (1H, d, J 8.6 Hz, 
4-H), 7.52 (1H, d, J 2.8 Hz, 1-H). LR-MS m/z 298 (100%, M),
280 (3%, M − H2O), 256 (6%, M − part of ring D), 242 (14%,
M − ring D), 213 (7%). HR-MS (EI-PIM) calc. for C19H22O3
[M]+: 298.1569. Found: m/z 298.1558.

(ii) 9α-Hydroxy-3-methoxyestra-1,3,5(10)-triene-6,17-
dione (10). Isolated from the reaction product of 2 as color-
less thin plates (Fr. 2) crystallized from methanol: m.p.
191–192°C [lit. (22), m.p. 195°C]. IR νmax/cm 3490 (OH),
1738, 1680 (C=O). 1H NMR δ 0.95 (3H, s, 18-H3), 3.88 (3H,
s, OCH3), 7.12 (1H, dd, J1 8.8 J2 3.0 Hz, 2-H), 7.32 (1H, d, J
8.8 Hz, 4-H), 7.51 (1H, d, J 2.8 Hz, 1-H). LR-MS m/z 314
(100%, M), 296 (14%, M − H2O), 281 (5%, M − H2O − CH3),
257 (11%), 229 (38%), 216 (13%).

(iii) 6β-Hydroxy-3-methoxyestra-1,3,5(10)-triene-17-one
(11). Isolated from the reaction product of 2 as a noncrys-
talline substance (Fr. 3): IR νmax/cm 3446 (OH), 1730 (C=O).
1H NMR δ 0.93 (3H, s, 18-H3), 3.81 (3H, s, OCH3), 4.83 (1H,
m, 6α-H), 6.87 (1H, dd, J1 8.6 J2 3.0 Hz, 2-H), 7.24 (1H, d, J
6.8 Hz, 4-H), 7.60 (1H, d, J 3.8 Hz, 1-H). LR-MS m/z 300
(100%, M), 282 (34%, M − H2O), 256 (10%), 225 (10%).
HR-MS (EI-PIM) calc. for C19H24O4 [M]+: 300.1725. Found:
m/z 300.1707.

Oxyfunctionalization products of progesterone (3). (i)
4β,5β-Epoxypregnane-3,20-dione (12). Isolated from the re-
action product of 3 as colorless needles (Fr. 1) crystallized
from EtOAc: m.p. 132–134°C [lit. (23), m.p. 130–132°C]: IR
νmax/cm 1699 (C=O), 854 (C–O). 1H NMR δ 0.62 (3H, s, 
18-H3), 1.12 (3H, s, 19-H3), 2.09 (3H, s, 21-H3), 2.96 (1H, s,
4α-H). LR-MS m/z 330 (67%, M), 312 (58%, M − H2O), 302
(47%), 258 (100%), 215 (37%).

(ii) 4-Pregnene-3,6,20-trione (13). Isolated from the reac-
tion product of 3 as a colorless amorphous solid (Fr. 2) crys-
tallized from EtOAc-hexane: m.p. 180–182°C; IR νmax/cm
1738 (C=O). 1H NMR δ 0.69 (3H, s, 18-H3), 1.18 (3H, s, 
19-H3), 2.15 (3H, s, 21-H3), 6.19 (1H, s, 4-H). LR-MS m/z
328 (100%, M), 310 (54%, M − H2O), 300 (66%), 243 (62%),
229 (16%). HR-MS (EI-PIM) calc. for C21H28O3 [M]+:
328.2038. Found: m/z 328.2032.

Oxyfunctionalization products of dihydrolanosteryl ace-
tate (4). (i) 7-Oxolanost-8-en-3β-yl acetate (14). Isolated
from the reaction product of 4 as an amorphous solid (Fr. 1)
crystallized from aqueous methanol: m.p. 145–148°C [lit.
(24), m.p. 150.5–152°C]: IR νmax/cm 1738 (C=O). 1H NMR
δ 0.66 (3H, s, 18-H3), 0.86 (3H, d, J .6.8 Hz, 26- and 27-H3),
0.89 (3H, s, 28-H3), 0.90 (3H, d, J 6.8 Hz, 21-H3), 0.92 (3H,
s, 30-H3), 0.96 (3H, s, 29-H3), 1.19 (3H, s, 19-H3), 2.07 (3H,
s, COCH3), 4.51 (1H, dd, J1 10.2 J2 4.8 Hz, 3α-H). LR-MS
m/z 484 (46%, M), 469 (100%, M − CH3), 409 (3%, M −
AcOH-CH3), 371 [9%, M − side chain (SC)], 344 (6%), 302
(6%), 278 (7%), 243 (5%), 207 (5%).

(ii) 11α-Hydroxy-7-oxolanost-8-en-3β-yl acetate (15). Iso-
lated from the reaction product of 4 as an amorphous solid
(Fr. 2) crystallized from aqueous methanol: m.p. 167–169°C:
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IR νmax/cm 3329 (OH), 1699 (C=O). 1H NMR δ 0.65 (3H, s,
18-H3), 0.86 (3H, d, J 6.8 Hz, 26- and 27-H3), 0.86 (3H, s,
28-H3), 0.90 (3H, d, J 6.8 Hz, 21-H3), 0.92 (3H, s, 30-H3),
0.96 (3H, s, 29-H3), 1.23 (3H, s, 19-H3), 2.05 (3H, s,
COCH3), 4.48 (1H, td, J1 4.9 J2 4.9 Hz, 11β-H), 4.52 (1H, dd,
J1 10.2 J2 4.9 Hz, 3α-H). LR-MS m/z 500 (100%, M), 440
(30%, M − AcOH), 425 (14%, M − AcOH − CH3), 369 (5%,
M − H2O − SC), 318 (16%), 304 (18%), 294 (11%), 271 (4%,
M − AcOH − CH3 − SC). HR-MS (EI-PIM) calc. for
C32H52O4 [M]+: 500.3866. Found: m/z 500.3885.

(iii) 25-Hydroxy-7,11-dioxolanost-8-en-3β-yl acetate (16).
Isolated from the reaction product of 4 as colorless needles
(Fr. 3), crystallized from EtOAc: m.p. 195–197°C: IR
νmax/cm 3490 (OH), 1709 (C=O). 1H NMR δ 0.80 (3H, s, 
18-H3), 0.90 (3H, d, J 5.4 Hz, 21-H3), 0.90 (3H, s, 30-H3),
0.92 (3H, s, 28-H3), 0.95 (3H, s, 29-H3), 1.22 (3H, s, 19-H3
and 26-H3 and 27-H3), 2.06 (3H, s, OCOCH3), 4.67 (1H, dd,
J1 10.2 J2 4.9 Hz, 3α-H). LR-MS m/z 514 (43%, M), 496
(100%, M − H2O), 454 (20%, M − AcOH), 436 (8%, M −
AcOH − H2O), 385 (6%, M − SC), 332 (7%), 318 (19%), 292
(8%), 255 (5%). HR-MS (EI-PIM) calc. for C32H52O5 [M]+:
514.3658. Found: m/z 514.3646.

Oxyfunctionalization products of ergostanyl acetate (5).
(i) (20S)-20-Hydroxy-5α-ergostan-3β-yl acetate (17). Iso-
lated from the reaction product of 5 as colorless needles (Fr.
1) crystallized from aqueous methanol: m.p. 87–88°C. IR
νmax/cm 3548 (OH), 1723 (C=O). 1H NMR δ 0.78 (6H, d, J
6.5 Hz, 26- and 27-H3), 0.82 (3H, s, 18-H3), 0.84 (3H, s, 
19-H3), 0.85 (3H, d, J 6.5 Hz, 28-H3), 1.25 (3H, s, 21-H3),
2.02 (3H, s, COCH3), 4.67 (1H, br m, 3α-H). LR-MS m/z 442
(19%, M − H2O), 427 (4%, M − H2O − CH3), 361 (100%),
343 (57%), 301 (38%, M − SC), 258 (60%, M − AcOH − SC
+ H), 243 (32%), 216 (15%). HR-MS (EI-PIM) calc. for
C30H50O2 [M − H2O]+: 442.3817. Found: m/z 442.3811.

(ii) (24R)-24-hydroxy-5α-ergostan-3β-yl acetate (18). Iso-
lated from the reaction product of 5 as colorless needles (Fr.
2), crystallized from aqueous methanol: m.p. 167–169°C [lit.
(19), mp, 169–172°C]: IR νmax/cm 3505 (OH), 1716 (C=O).
1H NMR δ 0.65 (3H, s, 18-H3), 0.82 (3H, s, 19-H3), 0.87 (3H,
d, J 6.5 Hz, 21-H3), 0.90 (6H, d, J 5.4 Hz, 26- and 27-H3),
1.07 (3H, s, 28-H3), 2.02 (3H, s, COCH3), 4.68 (1H, brm, 3α-
H). LR-MS m/z 442 (19%, M − H2O), 417 (26%, M − SC),
399 (21%), 358 (100%), 315 (38%, M − SC), 257 (60%, M −
AcOH-SC), 216 (30%, M − AcOH − SC − ring D).

(iii) 25-Hydroxy-5α-ergostan-3β-yl acetate (19). Isolated
from the reaction product of 5 as colorless needles (Fr. 3)
crystallized from aqueous methanol: m.p. 157–160°C [lit.
(19), mp, 160–163°C]: IR νmax/cm 3505 (OH), 1716 (C=O);
1H NMR δ 0.65 (3H, s, 18-H3), 0.82 (3H, s, 19-H3), 0.88 
(3H, d, J 6.2 Hz, 21-H3), 0.91 (3H, d, J 6.5 Hz, 28-H3), 1.15
(3H, s, 27-H3), 1.16 (3H, s, 26-H3), 2.02 (3H, s, COCH3),
4.68 (1H, br m, 3α-H); LR-MS m/z 442 (34%, M − H2O), 
402 (7%, M − SC), 358 (12%), 327 (24%), 315 (13%), 
257 (100%, M − AcOH − SC), 215 (26%, M − AcOH − SC −
ring D).

(iv) (20S,24R)-20,24-Dihydroxy-5α-ergostan-3β-yl ace-

tate (20). Isolated from the reaction product of 5 as a non-
crystalline substance (Fr. 4): IR νmax/cm 3505 (OH), 1723
(C=O). 1H NMR δ 0.82 (3H, s, 18-H3), 0.84 (3H, s, 19-H3),
0.87 (3H, d, J 6.8 Hz, 27-H3), 0.91 (3H, d, J 7.0 Hz, 26-H3),
1.25 (3H, s, 21-H3), 2.02 (3H, s, COCH3), 4.68 (1H, br m, 3α-
H). LR-MS m/z 443 (4%, M − H2O − CH3), 415 (4%), 397
(12%, M − 2H2O − 3CH3), 361 (26%), 343 (12%), 301
(24%), 283 (7%), 257 (10%, M − AcOH − SC), 243 (6%),
215 (6%, M − AcOH − SC − ring D). HR-MS (APCI-NIM)
calc. for C30H51O4 [M − H]−: 475.3787. Found: m/z
475.3793.

(v) (20S)-20,25-Dihydroxy-5α-ergostan-3β-yl acetate
(21). Isolated from the reaction product of 5 as a noncrys-
talline substance (Fr. 5): IR νmax/cm 3565 (OH), 1723 (C=O).
1H NMR δ 0.82 (3H, s, 18-H3), 0.84 (3H, s, 19-H3), 0.88 (3H,
d, J 7.0 Hz, 28-H3), 1.15 (3H, s, 27-H3), 1.18 (3H, s, 26-H3),
1.26 (3H, s, 21-H3), 2.02 (3H, s, COCH3), 4.68 (1H, br m, 
3α-H). LR-MS m/z 440 (10%, M − H2O), 383 (9%), 361
(79%), 343 (28%), 301 (49%), 283 (14%), 257 (17%, M −
AcOH − SC), 243 (11%), 215 (9%, M − AcOH − SC − ring
D). HR-MS (APCI-NIM) calc. for C30H51O4 [M − H]−:
475.3787. Found: m/z 475.3808.

Oxyfunctionalization products of stigmastanyl acetate (6).
(i) (24S)-24-Hydroxy-5α-stigmastan-3β-yl acetate (22). Iso-
lated from the reaction product of 6 as a colorless amorphous
solid (Fr. 1), crystallized from aqueous methanol: m.p.
150–152°C [lit. (19), m.p., 153–155°C]: IR νmax/cm 3519
(OH), 1723, 1709 (C=O). 1H NMR δ 0.65 (3H, s, 18-H3),
0.82 (3H, s, 19-H3), 0.88 (3H, t, J 7.0 Hz, 29-H3), 0.88 (6H,
d, J 6.8 Hz, 26- and 27-H3), 0.91 (3H, d, J 6.8 Hz, 21-H3),
2.02 (3H, s, COCH3), 4.68 (1H, br m, 3α-H). EI-MS m/z 456
(10%, M − H2O), 431 (29%), 413 (40%), 371 (31%). 358
(60%), 315 (44%, M − H2O), 257 (67%, M − AcOH − SC),
215 (28%, M − AcOH − SC − ring D).

(ii) 25-Hydroxy-5α-stigmastan-3β-yl acetate (23). Isolated
from the reaction product of 6 as a colorless amorphous solid
(Fr. 2) crystallized from aqueous methanol: m.p. 195–197°C
[lit. (19), m.p., 197–199°C]: IR νmax/cm 3344 (OH), 1730
(C=O). 1H NMR δ 0.65 (3H, s, 18-H3), 0.82 (3H, s, 19-H3),
0.92 (3H, d, J 5.4 Hz, 21-H3), 0.95 (3H, t, J 4.6 Hz, 29-H3),
1.17 (6H, s, 26- and 27-H3), 2.02 (3H, s, COCH3), 4.68 (1H,
br m, 3α-H). EI-MS m/z 456 (28%, M − H2O), 416 (11%),
381 (4%), 356 (26%), 341 (23%), 315 (12%), 257 (100%, 
M − AcOH − SC), 215 (22%, M − AcOH − SC − ring D).

(iii) (24S)-24-Hydroxy-15-oxo-5α-stigmastan-3β-yl ace-
tate (24). Isolated from the reaction product of 6 as a colorless
amorphous solid (Fr. 3) crystallized from aqueous methanol:
m.p. 161–164°C: IR νmax/cm 3534 (OH), 1730, 1716 (C=O).
1H NMR δ 0.74 (3H, s, 18-H3), 0.85 (3H, t, J 5.9 Hz, 29-H3),
0.87 (3H, s, 19-H3), 0.87 (6H, d, J 6.2 Hz, 26- and 27-H3),
1.00 (3H, d, J 6.2 Hz, 21-H3), 2.02 (3H, s, COCH3), 4.68 (1H,
br m, 3α-H). LR-MS m/z 488 (4%, M), 445 (80%), 428 (22%,
M − AcOH), 385 (33%), 367 (60%), 331 (100%, M − SC), 271
(32%, M − AcOH − SC), 262 (10%), 216 (13%, M − AcOH −
SC − ring D). HR-MS (APCI-NIM) calc. for C31H51O4 [M −
H]−: 487.3787. Found: m/z 487.3758.
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(iv) (24S)-24,25-Dihydroxy-5α-stigmastan-3β-yl acetate
(25). Isolated from the reaction product of 6 as a colorless
amorphous solid (Fr. 4), crystallized from aqueous methanol:
m.p. 160–162°C: IR νmax/cm 3505, 3446 (OH), 1730, 1709
(C=O). 1H NMR δ 0.65 (3H, s, 18-H3), 0.81 (3H, s, 19-H3),
0.92 (3H, t, J 6.5 Hz, 29-H3), 0.92 (3H, d, J 6.5 Hz, 21-H3),
1.18 (6H, s, 26- and 27-H3), 2.02 (3H, s, COCH3), 4.68 (1H,
br m, 3α-H). LR-MS m/z 430 (18%, M − AcOH,), 413 (74%),
371 (73%), 353 (100%), 315 (65%), 283 (10%), 257 (7%, M
− AcOH − SC), 215 (12%, M − AcOH − SC − ring D). HR-
MS (APCI-NIM) calc. for C31H53O4 [M − H]−: 489.3944.
Found: m/z 489.3926.

(v) 25-Hydroxy-15-oxo-5α-stigmastan-3β-yl acetate (26).
Isolated from the reaction product of 6 as a colorless amor-
phous solid (Fr. 5), crystallized from aqueous methanol: m.p.
149–151°C: IR νmax/cm 3519 (OH), 1738, 1709 (C=O). 1H
NMR δ 0.74 (3H, s, 18-H3), 0.82 (3H, s, 19-H3), 0.94 (3H; d,
J 6.9 Hz, 21-H3), 1.18 (6H, s, 26- and 27-H3), 2.02 (3H, s,
COCH3), 4.68 (1H, br m, 3α-H). LR-MS m/z 488 (1%, M),
470 (14%, M − H2O), 430 (7%), 415 (5%), 370 (12%), 331
(100%), 303 (9%), 271 (23%), 262 (8%), 201 (9%, M −
AcOH − CH3 − SC − ring D). HR-MS (APCI-NIM) calc. for
C31H51O4 [M − H]−: 487.3787. Found: m/z 487.3787.

(vi) (20S)-20,25-Dihydroxy-5α-stigmastan-3β-yl acetate
(27). Isolated from the reaction product of 6 as a noncrys-
talline substance (Fr. 6): IR νmax/cm 3490 (OH), 1723 (C=O).
1H NMR δ 0.82 (3H, s, 18-H3), 0.84 (3H, s, 19-H3), 0.95 (3H,
t, J 5.9 Hz, 29-H3), 1.16 (6H, s, 26- and 27-H3), 1.27 (3H, s,
21-H3), 2.02 (3H, s, COCH3), 4.68 (1H, br m, 3α-H). LR-MS
m/z 445 (9%, M − 3CH3), 427 (7%, M − H2O − 3CH3), 385
(10%, M − AcOH − 3CH3), 361 (75%), 343 (28%), 301
(50%, M − SC − CH3), 257 (17%, M − AcOH − SC), 215
(14%, M − AcOH − SC − ring D). HR-MS (APCI-NIM) calc.
for C31H53O4 [M − H]−: 489.3944. Found: m/z 489.3941.

(vii) (20S)-20,25-Dihydroxy-15-oxo-5α-stigmastan-3β-yl
acetate (28). Isolated from the reaction product of 6 as color-
less needles (Fr. 7), crystallized from aqueous methanol: m.p.
183–185°C: IR νmax/cm 3505, 3446 (OH), 1723, 1716 (C=O).
1H NMR δ 0.83 (3H, s, 18-H3), 0.92 (3H, s, 19-H3), 1.16 (6H,
s, 26- and 27-H3), 1.22 (3H, s, 21-H3), 2.02 (3H, s, COCH3),
4.68 (1H, br m, 3α-H). LR-MS m/z 486 (1%, M − H2O), 468
(19%, M − 2H2O), 375 (9%, M − AcOH − 3H2O − CH3), 315
(6%), 272 (12%), 215 (10%, M − AcOH − SC − ring D). HR-
MS (APCI-NIM) calc. for C31H53O4 [M − H]−: 503.3736.
Found: m/z 503.3741.

RESULTS AND DISCUSSION

The series of steroid substrates 1–6 were found to react read-
ily with the DCP N-oxide/Ru(TMP)CO/HBr system to form
a variety of the novel oxygenated derivatives in one step
(Scheme 1). Each of the reaction products was separated by
chromatographic purification, and the structures of the indi-
vidually isolated products (7–28) were determined on the
basis of the 1H and 13C NMR and MS spectral data. The re-
sults are shown in Table 1. The reactivity and selectivity of

the oxidation reactions depended significantly on the struc-
tures of the substrates. 

In previous papers, the direct oxidation of estrone acetate
(1) possessing an aromatic A-ring by using dimethyldioxirane
as an oxygen atom source was effective for the 9α-hydroxy-
lation (25,26). Treatment of estrone methyl ether (2) with tert-
butyl hydroperoxide and cobalt acetate afforded the epimeric
6-oxo-11-hydroxylation products (22). On the other hand, the
6- and 11β-hydroxylations predominated for the catalytic ox-
idation of equilenin acetate with iodosylbenzene/manganese
porphyrin (14). These intriguing results prompted us to ex-
amine 1 and 2 with DCP N-oxide/Ru(TMP)CO/HBr. 

The oxidant system with 1 was found to be effective for
the ketonization at C-6 and the hydroxylation at C-9 to give
the corresponding benzylic 6-oxo (7, 55%) and 6-oxo-9α-hy-
droxy (8, 25%) derivatives under mild conditions as de-
scribed in the Experimental Procedures section. An essen-
tially identical result was also obtained for 2, which was
transformed into the 6-oxo (9, 82%) and 6-oxo-9α-hydroxy
(10, 8%) derivatives, accompanied by a minute amount of the
6β-hydroxy compound (11, 2%). Since the C-3 functional
groups in 1 and 2 are situated far apart from the methine and
methylene carbons in the B–D rings, the variation of local
electron density induced by the electron-withdrawing or -do-
nating substituents is little affected on benzylic oxidation. In
addition, that 11 was isolated may suggest that all of the 6-
oxo compounds (7–10) are produced via the successive oxi-
dation of possible 6β-hydroxy intermediates. 

A preliminary experiment showed that saturated 5α-
androstane-3,17-dione is completely inert with DCP N-ox-
ide/Ru(TMP)CO/HBr, in analogy with a previous finding (18).
However, when progesterone (3), having a conjugated enone
moiety, was subjected to the oxidation reaction, it caused si-
multaneous β-epoxidation of the ∆4-unsaturated bond and al-
lylic ketonization of the β-methylene carbon at C-6 to give the
corresponding 4β,5β-epoxide 12 (65%) and 6-oxo derivative
13 (10%), respectively. The high stereoselectivity of the epoxi-
dation is very similar to that of cholesta-1,4-dien-3-one by di-
methyldioxirane, in which the 4β,5β-epoxide was a major
product, accompanied by the 4β,5β-epoxy-25-ol as a minor one
(27). The DCP N-oxide/Ru(TMP)CO/HBr oxidant therefore
catalyzes more predominantly the stereoselective epoxidation
at a less hindered double bond than the ketonization at allylic
and benzylic β-methylene carbon atoms (see also below). 

As shown in Table 2, the position of the C-6 oxo group in
7–10 and 13 was determined by the appearance of a quater-
nary 13C signal at ca. 196–201 ppm, which corresponds to the
allylic or benzylic β-position with regard to a double bond
(22,28). The olefinic 4-H signal appearing at 5.74 ppm in 3
was strongly deshielded by the 6-ketonization and resonated
at 6.19 ppm in 13. Similarly, the presence of the 9α-hydroxy
group in 8 and 10 was confirmed by the occurrence of a qua-
ternary 13C signal at 69.3 ppm (C-9), tertiary signals at
40.8–41.1 (C-8) and 43.4 ppm (C-14), and a methyl signal at
12.7–12.8 ppm (C-18) (22,25,26). Meanwhile, the substituent
effect of a 6β-hydroxy group on the 1H and 13C chemical shifts
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of 7 was used for the structural elucidation of 11 (28,29); the
observed chemical shift values for the 18- and 19-methyl pro-
tons and the carbons at C-6, -7, -8, -9, and -10 were in good

agreement with those for the calculated ones. The β-configu-
ration of the epoxide ring in 12 was determined by the 19-
methyl signal appearing at 1.12 ppm in the 1H NMR (23). 

OXIDATION OF STEROIDS WITH OXORUTHENIUMPORPHYRINATE 877

Lipids, Vol. 39, no. 9 (2004)

SCHEME 1

TABLE 1
Oxidation Products of Steroids with DCP N-Oxide/Ru(TMP)CO/HBr

Starting compound
Substrate recoverya (%) Product compoundsa (yield, %)

1 20 7 (55), 8 (25)
2 8 9 (82), 10 (8), 11 (2)
3 25 12 (65), 13 (10)
4 12 14 (56), 15 (16), 16 (16)
5 22 17 (7), 18 (30), 19 (32), 20 (5), 21 (4)
6 9 22 (24), 23 (25), 24 (11), 25 (7), 26 (13), 27 (6), 28 (3)
aDetermined by capillary GC; for conditions, see the Experimental Procedures section. DCP, 2,6-
dichloropyridine; TMP, tetramesitylporphyrinate.
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To clarify the difference in the reactivity between allylic
(or benzylic) and methine carbons, we then examined for di-
hydrolanosteryl acetate (4), which has both a ∆8(9)-bond in
the 5α-steroid nucleus and an C8H17-alkyl group in the side
chain. The reaction of 4 with DCP N-oxide/Ru(TMP)CO/HBr
resulted in the formation of the three variants of mono-, di-,
and trioxygenated products, and those were identified as the
7-oxo (14, 56%), 7-oxo-11α-hydroxy (15, 16%), and 7,11-
dioxo-25-hydroxy (16, 16%) derivatives. In the case of 4, the
tetrasubstituted ∆8(9)-bond was completely unreactive, proba-
bly owing to a large shielding of the axially β-oriented 18-
and 19-methyl groups and the axial 14α-methyl. Again, the
allylic ketonization at the C-7 and C-11 methylene carbons in
14–16 may be as a result of the subsequent oxidation of inter-
mediary 7ζ- and/or 11α-hydroxy precursors. Of further note
was that the reactivity was much larger for the allylic C-7 and
-11 β-methylene carbons than for the C-21 and -25 tert-meth-
ine carbons (see below). The 1H and 13C NMR spectral data
for 14 were in accord with those reported in a literature (24).
The structures of 15 and 16 were determined on the basis of
the substituent effects (29) of 11α-hydroxy and 11-oxo
groups on the 18- and 19-methyl 1H chemical shifts of the
parent 14 and the typical 13C chemical shifts (65.5 and 200.0
ppm for 15 and 201.9 and 202.4 ppm for 16) of the allylic β-
carbon signals (28). 

Supporting evidence for the electrophilic nature of the ox-
orutheniumporphyrinate complex was achieved by the oxida-
tion of saturated 5α-ergostanyl acetate (5) and 5α-stigmas-
tanyl acetate (6), both of which possess an additional C-24
alkyl (methyl or ethyl) substituent at the C8H17-side chain in
4. Thus, the methine carbons at C-20, -24, and -25 in 5 were
oxyfunctionalized effectively to give the (24R)-24- (18, 30%)
and 25-hydroxy (19, 32%) derivatives, along with small
amounts of the (20S)-20-hydroxy (17, 7%), (20S,24R)-20,24-
(20, 5%), and (20S)-20,25-dihydroxy (21, 4%) derivatives.
The methine carbon at C-5 in the 5α-steroid nucleus and the
methylene carbons in the side chain were not oxidized at all.
Similarly, the 24- and 25-hydroxylations predominated for 6
to yield the (24S)-24-hydroxy (22, 24%) and 25-hydroxy (23,
25%) derivatives as the major products; the (24S)-24-hy-
droxy-15-oxo (24, 11%), 25-hydroxy-15-oxo (25, 7%), (20S)-
20,25-dihydroxy (26, 13%), (24S)-24,25-dihydroxy (27, 6%),
and (20S)-20,25-dihydroxy-15-oxo (28, 3%) derivatives were
also isolated as the minor components. Both the methine pro-
tons (C-H) at the C-20 and -24 asymmetric center in 5 were
completely replaced by hydroxy groups to give stereoselec-
tively the corresponding (20S)-20- and (24R)-24-hydroxy-
lated derivatives; on the other hand, 6 afforded only the (20S)-
20- and (24S)-24-hydroxylation products. The position and
stereochemical configuration of the oxyfunctionalizations in
17–28 were determined by comparison with the spectral data
for analogous 15-, 20-, 24-, and 25-oxygenated steroids re-
ported in the literature (19,30) and confirmed by the result of
5α-cholestan-3-one by using the same oxidizing system (18).

According to a previous study of 5α-cholestan-3-one with-
out an alkyl substituent at C-24, hydroxylation took place

only on the C-20 and -25 methine carbons by oxorutheni-
umporphyrinate (18). In 5 and 6, however, the formation of
appreciable amounts of the 24-hydroxy compounds (18, 20,
22, 24, and 25), together with the 20- and 25-hydroxy ones,
implies that the O-insertion reaction depends somewhat on
the degree of alkyl substitution of carbons under considera-
tion. Thus, in general, the electrophilic attack of oxorutheni-
umporphyrinate is accelerated much more efficiently on an
electron-rich tert-methine carbon rather than on a sec-meth-
ylene carbon. In addition, the relatively low reactivity at the
C-20 methine carbon, rather the C-24 and -25 ones, is proba-
bly due to a steric hindrance of the axially oriented 18-methyl
group, which prevents access of the oxidant to the C-20 and
thereby decreases the formation of the stable substrate–cata-
lyst complex. A similar steric hindrance also has been ob-
served for the C-5 methine carbon in 4–6, in contrast to the
less hindered C-5 in 5β-steroids, which was readily hydroxy-
lated (18,21). 

In conclusion, the relatively bulky oxorutheniumporphyri-
nate complex attacks less sterically hindered methine and/or
methylene carbons in steroid substrates. Geometrical and
electronic interactions of unactivated carbons in the substrates
with oxorutheniumporphyrinate also appear to be major fac-
tors controlling the reactivity and regioselectivity of the O-
insertion reaction, which are interesting from a synthetic
point of view. 
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ABSTRACT: Iron-catalyzed lipid peroxidation was examined
using 1H NMR in a biphasic aqueous-chloroform system. At
physiological pH (7.4), mole ratios of phospholipids/Fe3+ as low
as 1300:1 catalyzed the rapid disappearance of endogenous
lipid hydroperoxides with a loss of two of the four double bonds
in PC containing palmitic (16:0) and arachidonic (20:4) acids in
the sn-1 and sn-2 positions, respectively. The predominant
phospholipid products after 1 h at 20°C were a 9-carbon mono-
unsaturated carbonyl and a phospholipid with an 11-carbon
∆5,8 FA in the sn-2 position. PC with linoleic acid (18:2) in the
sn-2 position lost one double bond and formed a phospholipid
with a 9-carbon FA. Cardiolipin (linoleic acid-rich) also lost
about 40% of its double bonds. No detectable loss was seen for
PC containing oleic acid (18:1) or neutral lipids with PUFA. At
arachidonyl PC/Fe3+ ratios less than 20:1, significant broaden-
ing of the choline methyl proton peak was evident, indicating
that Fe3+ may form a complex with the adjacent phosphate
group and that the complex involves both the phosphate and
the hydroperoxide adjacent to the ∆11 double bond. The results
demonstrate that, at physiological pH, Fe3+-catalyzed peroxida-
tion in polyunsaturated phospholipids occurs selectively adja-
cent to specific double bonds (∆9 or ∆11). These PC-derived
products have been shown to activate components of the in-
flammatory system. This suggests that the episodic release of
ferric ions may play a significant role in generating inflamma-
tory mediators.

Paper no. L9539 in Lipids 39, 881–889 (September 2004).

Iron (Fe)-catalyzed phospholipid peroxidation is a recognized
source of oxidative damage to cell membranes, lipoproteins,
and other lipid-containing structures (reviewed in Refs. 1–3).
Peroxidation can be initiated either by free radical species or
by the iron-catalyzed breakdown of lipid hydroperoxides.
H2O2 is formed continuously in cells and tissues, both spon-
taneously and by enzymatic action, and reacts with phospho-
lipids to form hydroperoxides (4,5). Newly formed membrane

lipid hydroperoxides are repaired by a membrane enzyme,
phospholipid-hydroperoxide glutathione peroxidase (6), or, if
metal ions such as Fe, Cu, or Ni are present, may undergo
breakdown to form products such as malondialdehyde.

McIntyre and colleagues (7) proposed that oxidation of
choline phospholipids results in chain-shortened fragments
and oxygenated derivatives of polyunsaturated sn-2 fatty acyl
residues, generating potent biological compounds that acti-
vate components of the immune and inflammatory systems.
More recently, they have identified an abundant oxidatively
fragmented alkyl phospholipid (hexadecyl azelaoyl PC, or
azPC) derived from LDL and known to produce an inflam-
matory response (8). Similarly, Leitinger and colleagues (9)
demonstrated that products of oxidized 1-palmitoyl-2-arachi-
donyl-sn-glycerol-3-phosphorylcholine, isolated from mini-
mally modified LDL, activate endothelial cells to bind mono-
cytes. More recent studies in our laboratory (10) have shown
that micromolar levels of ferric ions catalyze lipid peroxida-
tion in aortic cell membranes in vitro, and that extracellular
ionized Mg2+ protects membrane lipids from peroxidation.
Iron-catalyzed lipid peroxidation in the vascular system could
thus both damage cell membranes and act on serum lipids to
cause local inflammation. 

We have developed a biphasic system for studying the iron-
catalyzed modifications of phospholipids using 1H NMR. This
method allowed the analysis of sequential structural changes in
phospholipids undergoing peroxidation as well as the nature of
the structural modification of the FA in the sn-2 position. The
studies were largely carried out with ferric ions, since at physio-
logical pH, the ferrous ion undergoes rapid autoxidation to the
ferric species (11,12). We have found that Fe3+ catalyzes the dis-
appearance of endogenous lipid hydroperoxide and of the acyl
double bonds in PC if either contains esterified FA having two
or more double bonds in the sn-2 position. Fe3+ produced a sig-
nificant broadening of the proton resonance associated with the
choline methyl groups of PC, suggesting that Fe3+ is interacting
with the phosphate moiety. No peroxidation was seen with PC-
containing monounsaturated FA or with neutral lipids contain-
ing two or more double bonds. This indicates that Fe3+ interac-
tion with specific FA double bonds as well as with the lipid
phosphate group is essential for lipid peroxidation at physiolog-
ical pH (7.4).
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MATERIALS AND METHODS

Materials. Purified phospholipids [1-palmitoyl-2-arachi-
donyl-sn-glycero-3-phosphocholine (arachidonyl PC), 1-
palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine, 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine, bovine heart car-
diolipin] were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL). Lipids were obtained dissolved in CHCl3 in
sealed ampules. After opening, lipids were transferred to
brown bottles with Teflon-lined caps and stored at –35°C
under N2. Total lipids were extracted from rat aortic tissue
(13), taken to dryness under nitrogen, and fractionated on 200
mg aminopropylsilyl minicolumns (Alltech, Deerfield, IL) as
described below. The CHCl3 fraction was used as a source of
polyunsaturated TG. Deuterated solvents were obtained from
Aldrich (Milwaukee, WI). Ferric and ferrous ammonium sul-
fate salts (dodecahydrate, cell culture grade) were obtained
from Sigma Chemical Co. (St. Louis, MO). 5,5′-Difluoro-
BAPTA [where BAPTA = 1,2,-bis (o-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid], tetrapotassium salt, was obtained
from Molecular Probes, Inc. (Eugene, OR). Normal pH 7.4
Krebs–Ringer bicarbonate (NKRB) solution (prepared in
D2O or H2O) contained (in mM): NaCl, 118; KCl, 4.7;
KHPO4, 1.2; MgSO4, 1.2; CaCl2, 2.5; and NaHCO3, 25. Fer-
rous and ferric salts were dissolved in distilled water or D2O
(ca. pH 3) and diluted 1:1000 in the corresponding NKRB im-

mediately before use. Tadolini and Hakim (11) and Welch et
al. (12) have reported that Fe2+ undergoes autoxidation at pH
7.2–7.5 with a half-time of less than 5 min, indicating that the
predominant species in NKRB is the ferric ion (traces of fer-
rous ion are invariably present). The solubilities of Fe2+ and
Fe3+ at pH 7.0 are reported to be 10–2 and ca. 10–18 M, respec-
tively (14). Precipitate formation of Fe(OH)3 is slow, however,
taking days to weeks unless a strong base is added to the solu-
tion (14). We have found that Fe(OH)3 in NKRB at physiolog-
ical pH forms a clear solution that is stable for hours.

1H NMR measurements. 1H NMR spectroscopy was used to
quantify FA unsaturation and to estimate the average FA chain
length in purified phospholipids (e.g., 10,15) following peroxi-
dation by ferric and/or ferrous ions. One-pulse spectra were
taken on a Varian VXR-500 spectrometer operating at a proton
frequency of 500 MHZ (13). All spectra were taken at 25°C
using a 60° pulse, a spectral width of 5000 Hz, and a repetition
time of 10 s and 8K data points. Adequate signal/ noise ratios
were generally attained by 256 acquisitions. Resonance intensi-
ties were measured as peak areas in fully relaxed spectra. The
average number of double bonds per acyl chain and the average
carbon chain length were determined as indicated in Figure 1.
Successive NMR measurements on the same experimental sam-
ple indicated that minimal changes occurred following the ter-
mination of sample vortexing. The 1H NMR spectra were ana-
lyzed using NUTS, v. 2002 (Acorn NMR, Inc., Livermore, CA). 
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FIG. 1. (upper trace) Typical 500-MHz 1H NMR spectrum of 1-palmitoyl-2-arachidonyl-sn-glyc-
ero-3-phosphocholine (arachidonyl PC) dissolved in CDCl3. (lower formula) Numerically labeled
peaks correspond to the protons indicated in the formula of a ∆5 FA. Assignments important to this
study include proton peaks associated with FA double bonds (peak 2, 5.3 ppm), the nine proton
peaks associated with the choline methyl groups (3.33 ppm), the protons associated with the car-
bon alpha to the carboxyl group of the FA (peak 3, 2.3 ppm), the methylene groups (peak 4, 1.2
ppm), and the protons associated with the omega methyl groups of the FA (peak 5, 0.8 ppm).
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Lipid peroxidation. Incubation of lipid and Fe salts was
carried out at room temperature (20–22°C) in CDCl3/D2O
(50:1). Aliquots containing 1.0 mg of purified lipids were
taken to dryness under N2, redissolved in 1.0 mL of CDCl3,
and transferred to 5 × 70 mm Pyrex NMR tubes (New Era En-
terprises, Inc., Vineland, NJ). Twenty microliters of NKRB in
D2O containing 0–200 µM of ferric ammonium sulfate and/or
ferrous ammonium sulfate was added to the top of the CDCl3
phase, and the tube was vortexed continuously at room tem-
perature for the time periods indicated. Forty microliters of
D2O and 0.5 mL of CD3OD were then added to the tube, and
the tube was again vortexed for 30 s. The upper and lower
phases were allowed to separate for 5 min. Under these con-
ditions, the lower CDCl3 phase contained the phospholipid
and the upper phase contained D2O, CD3OD, and salts. Only
the lower organic phase was situated in the NMR window. Al-
ternatively, 20 µL of deuterated ethanol was added, the NMR
tube was vortexed, and a single phase was formed. NMR
measurements were taken within minutes after the treatment
of each lipid sample. The above procedure has also been car-
ried out in aqueous solution, with the final CHCl3 phase taken
to dryness under N2. Residual water was removed using an
Abderhalden pistol, and the lipid residue was redissolved in
CDCl3. 

Fractionation of peroxidized lipids. Ferric ion-treated
lipids were taken to dryness under nitrogen and fractionated
on 200-mg aminopropylsilyl minicolumns. Columns were
rinsed with 5 mL of hexane prior to addition of the lipid. The
columns were eluted successively with 5 mL of CHCl3 (neu-
tral lipids, DG, methylated FA fraction), diethyl ether/acetic
acid (98:2) (FFA, MG fraction), and methanol (N-containing
phospholipids). Radiolabeled phospholipid and FA standards
were used to monitor elution efficiency. Minicolumns were
placed in conical 15-mL centrifuge tubes, and the mobile
phase was collected by gentle centrifugation. (We found that
using the vacuum filtration system developed by Alltech was
unsuitable, as it caused a loss of lipid double bonds.) The
fractions obtained by solid-state extraction were taken to dry-
ness under N2 and analyzed first by 1H NMR in CDCl3 and
subsequently by TLC and/or HPLC. No detectable peroxida-
tion of the purified lipids was seen after centrifugation. Col-
umn recovery was greater than 95%. 

Analysis of lipid hydroperoxide. Aliquots of lipid were
taken directly from the vial after opening or from the CHCl3
phase prior to adding methanol (see the preceding section)
and analyzed for hydroperoxides using the OxisResearch kit
LPO-560 (OxisResearch, Portland, OR).

RESULTS
1H NMR analysis of purified lipids. The 1H NMR spectra of
1.0 mg of arachidonyl PC dissolved in 1.0 mL of CDCl3 are
shown in Figure 1. The peaks corresponding to the protons of
the FA double bonds of the arachidonyl moiety appear around
5.3 ppm (peak 2 on Fig. 1). Protons associated with the FA
backbone are shown in the 2.8–0.7 ppm region and include

methylene protons (peak 4) and the omega methyl protons
(peak 5). The protons associated with the methyl groups on
the choline nitrogen are measurable at 3.33 ppm. Peaks in the
3.5 to 4.5 ppm region are associated with the protons of glyc-
erol and the two carbons of the choline moiety. For assign-
ment of the phospholipid protons, see Sze and Jardetzky (15)
and Morrill et al. (13). Based on areas under the individual
proton peaks, the purified lipid contained an average of 2.01
± 0.03 double bonds per chain and an average chain length of
18.1 ± 0.24 per FA (mean ± SD for three batches of arachi-
donyl PC from Avanti Polar Lipids). This is consistent with
the presence of palmitic acid (16:0) in the sn-1 position and
arachidonic acid (20:4) in the sn-2 position.

Ferric ion-catalyzed peroxidation of arachidonyl-contain-
ing PC. The half-life of Fe2+ was estimated following addi-
tion of 4 mM of Fe2+ to the mixture containing 5 mM of 5,5′-
difluoro-BAPTA at pH 7.4. Fe2+ forms a complex with 5,5′-
difluoro-BAPTA (Kd = ca. 50 nM), exhibiting a characteristic
peak downfield from those ascribed to other biological ions
such as Ca2+ and Zn2+. This Fe2+ peak disappears within 15
min, indicating conversion to Fe3+, consistent with the find-
ings by Tadolini and Hakim (11) and Welch et al. (12) that
within the physiological pH range, and in the absence of
chelators, ferrous iron autoxidation occurs with a half-time of
less than 5 min. As noted in the Materials and Methods sec-
tion, compared with ferrous ions, ferric ions are relatively in-
soluble at pH 7.4 (14). We found that the Fe(OH)3 formed at
physiological pH partitions into the hydrophobic phase
(CHCl3).  

Figure 2 compares the loss of double bonds in arachi-
donyl-containing PC as a function of time after exposure to
either 20 or 100 µM of Fe3+. The reaction mixture contained
a 50:1 CDCl3/D2O ratio and an arachidonyl PC/ferric ion
ratio of either 1300:1 or 260:1. The lower arachidonyl PC/fer-
ric ion ratio approximates the episodic free ferric ion concen-
tration under physiological conditions, whereas the higher
ratio approximates that during hemolytic events (e.g., injury,
surgery) or during kidney dialysis. Under the conditions used,
loss of arachidonate double bonds was dose- and time-depen-
dent, with a maximal loss of two of the four double bonds in
≥2 h at 20–22°C. Assuming no Fe3+-induced changes in the
palmitate in the sn-1 position, the number of residual carbons
can be calculated from the areas in the 0.7 to 2.8 ppm region
and from the number of remaining double bonds. The aver-
age chain length of the arachidonate moiety decreased by 9.6
± 0.6 carbons over the 2-h time course in the presence of 100
µM Fe3+, with an average of 3.5 carbons being lost over the
first hour. When the aqueous phase was recovered at the end
of the 2-h period and 5,5′-difluoro-BAPTA added, no peak
characteristic of ferrous-BAPTA could be detected. This indi-
cates that, as expected, no conversion of ferric to ferrous ions
occurred under the conditions used.

Results were the same when either 100 µM of ferrous or
ferric ions was used or when 50 µM of each were combined.
However, the observed lipid peroxidation by Fe2+ may have
been largely due to autoxidation of Fe2+ at physiological pH,
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followed by Fe(OH)3 partitioning into the organic phase with
the phospholipid. Since the solubility of Fe(OH)3 in CHCl3 is
not known, the actual arachidonyl PC/ferric ion ratio may be
lower than the calculated values (1300:1 or 260:1).  

Lipid hydroperoxide formation: effect of Fe3+. Figure 3
demonstrates that the arachidonyl PC in freshly opened vials
contained detectable levels of lipid hydroperoxide and that
the hydroperoxide content increased during the mixing action
upon vortexing of the aqueous and organic phases. Assuming
one hydroperoxide per PC molecule, about 0.3% of lipids in
freshly opened vials had undergone peroxidation, increasing
to about 3% at the end of 2 h. The zero-time values are for
four preparations of arachidonyl PC from Avanti Polar Lipids
sampled within minutes after opening the vial. A slow in-
crease in peroxide content occurred during storage at –35°C
in 1.0-mL brown bottles with minimal air space (data not
shown). Addition of low levels of Fe3+ ions (1:1300, mol ratio
Fe3+/lipid) to the aqueous phase caused a disappearance of

about 40% of the lipid hydroperoxide in the organic phase fol-
lowing mixing, whereas high Fe3+ levels (1:260 mol ratios of
Fe3+/lipid) largely eliminated hydroperoxide in the reaction
mixture. The rate of disappearance of hydroperoxide at the
lowest ferric ion concentration was about 80 nmol/h. The val-
ues shown are representative of two experiments using
freshly opened vials of arachidonyl PC. Similar decomposi-
tion curves were seen with arachidonyl PC stored at –35°C.

Effect of the number of FA double bonds on sensitivity to
iron-catalyzed peroxidation. Table 1 compares the Fe3+-cat-
alyzed loss of double bonds in PC containing palmitoyl (16:0)
in the sn-1 (outer carbon) position of glycerol and either
oleoyl (18:1), linoleoyl (18:2), or arachidonyl (20:4) in the
sn-2 (middle carbon) position. No decrease in unsaturation
was seen when oleic acid containing PC was used as a sub-
strate, whereas both linoleic acid and arachidonic acid under-
went peroxidation, as did linolenic acid (three double bonds,
data not shown). Purified cardiolipin (beef heart) containing
four FA (87% linoleic acid and 8% oleic acid) also underwent
peroxidation comparable to that seen for arachidonic acid-
containing PC. As also shown, a neutral lipid fraction con-
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FIG. 2. Time-dependent changes in double bonds in the sn-2 position
of arachidonyl PC as a function of ferric ion concentration. Aliquots of
arachidonyl PC dissolved in CDCl3 were incubated with an aqueous
ferric ion solution (pH 7.4) by rapid mixing at 20–22°C as described in
the Materials and Methods section. The reaction was stopped by addi-
tion of CD3OD and immediately analyzed by 1H NMR. The relative
concentrations of ferric ions and arachidonyl PC in the biphasic mix-
ture are expressed as mol/mol ratios. Values are means ± SD (n = 3).
For abbreviation see Figure 1.
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FIG. 3. Time-dependent changes in the hydroperoxide content of
arachidonyl PC in the biphasic reaction system described in Figure 2.
Total lipids were recovered at each time point and analyzed for hy-
droperoxide as described in the Materials and Methods section. Values
are representative of two such experiments. For abbreviation see Figure
1.



taining PUFA (isolated from rat aortic tissue; see the Materi-
als and Methods section) failed to undergo significant ferric
ion-catalyzed peroxidation under our conditions.

Ferric ions produce broadening of the 1H peak associ-
ated with the choline moiety in arachidonyl-PC. Figure 4
compares 1H NMR spectra of the choline moiety of arachi-
donyl PC exposed to low Fe3+ ion levels (1:1300, Fe3+/lipid)
with that after exposure to high Fe3+ ion concentrations
(1:20, Fe3+/lipid) in the biphasic reaction mixture. As
shown, the choline peak became broader in the presence of
elevated ferric ion and underwent a small downfield shift.
Broadening of the choline peak became marked only when
the molecular ratio of Fe3+/PC in the reaction mixture was

1:100 or greater (data shown for 20:1). There was no signif-
icant difference between the choline proton peak in untreated
arachidonyl PC and that exposed to low Fe3+ ion levels (data
not shown). This broadening may reflect interaction be-
tween Fe(OH)3 and the phospholipid dissolved in the CHCl3
phase.

Analysis of the products of Fe3+-catalyzed lipid peroxida-
tion. The reaction products from the iron-catalyzed peroxida-
tion of arachidonyl PC were taken to dryness under nitrogen,
resuspended in hexane, and applied to aminopropylsilyl
columns as described in the Materials and Methods section.
Three fractions—(i) neutral lipids (including DG), (ii)
FFA/MG, and (iii) N-containing phospholipids—were eluted
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TABLE 1 
Fe3+-Catalyzed Lipid Peroxidation as a Function of FA Unsaturation

Double bonds (%)
Fe3+/lipid compared with untreated

Lipid (mol/mol) sn-1 sn-2 phospholipida

PC 1:1300 16:0 18:1 102 ± 1b

PC 1:1300 16:0 18:2 61.4 ± 3.1
PC 1:1300 16:0 20:4 55.0 ± 2.2
Cardiolipin (bovine heart) 1:6500 16:0 18:2 57.9 ± 3.1
TG (rat aorta) 1:1100c ND ND 101.4 ± 1.5
aPercentage of residual double bonds in the sn-2 position as measured by 1H NMR. Lipid (1.0 mg) was dissolved in 1.0 mL
of CDCl3, 20 µL of Fe3+ ammonium sulfate dissolved in normal pH 7.4 Krebs–Ringer bicarbonate prepared in D2O (pH
7.4) was added, and the mixture was vortexed for 2 h as described in the Methods and Materials section. ND, not deter-
mined (neutral lipid fraction from rat aortic cells).
bMean ± SD (n = 3).
cEstimated from the average M.W. of TG in preparation.

ppm

Fe3+/PL (1:1300)

Fe3+/PL (1:20)

FIG. 4. Comparison of the effect of Fe3+ concentration on broadening of the proton peaks associated with the three
methyl groups of the choline head group. The example shown was after a 1-h exposure to Fe3+ at 20–22°C. Ratios
indicate phospholipids (PL)/Fe3+ (mol/mol).



and analyzed by 1H NMR. As is shown in Figure 5, material
eluting with the FFA/MG fraction showed proton peaks cor-
responding to intact double bonds (5.4 ppm), carbons alpha
to oxygen functions (4.0 to 4.3 ppm), methylene carbons (1.2
ppm), and omega terminal methyl protons (0.8 ppm). Mater-
ial collected after a 1-h incubation in the presence of 20 µM
of Fe3+ contained 0.96 ± 0.046 (SD, N = 3) double bonds per
methyl group and an estimated chain length of 9 carbons. 1H
NMR analysis of the PC-rich fraction eluted by methanol
from aminopropylsilyl minicolumns contained about two
double bonds (5.4 ppm) and 3.2 ± 0.25 carboxyl groups
(based on an α-methylene proton at about 2.8 ppm) per
choline moiety. Correcting for the 16 carbons of the palmitic
acid in the sn-1 position, it was estimated that the truncated
moiety in the sn-2 position contained about 11 carbons (10.8
± 0.35; SD, N = 3). This indicates that when arachidonic acid
(20:4) was present in the sn-2 position of PC, Fe3+-catalyzed
peroxidation produced significant quantities of a modified
phospholipid containing a truncated ∆5,8 alkyl chain. For
comparison, material eluting in the FFA/MG fraction when
PC containing linoleic acid (18:2) in the sn-2 position was
exposed to Fe3+ for 1 h had essentially no remaining double
bonds within an estimated chain length of about 9–10 car-
bons. The peroxidized phospholipids containing linoleic acid
eluting with fraction 3 (N-containing phospholipids) were
estimated to contain a truncated 8–9 carbon chain in the sn-2
position after a 2-h incubation.

DISCUSSION

The data presented here indicate that, at physiological pH,
Fe3+/phospholipid mole ratios as low as 1:1300 result in a de-
crease in the lipid hydroperoxides present in choline phos-
pholipids containing linoleic or arachidonic acid, followed by
the selective loss of one or two double bonds and chain-short-
ening of the FA in the sn-2 position (Fig. 2). Ferric ions had
no measurable effect on the monounsaturated FA present in
the sn-2 position of PC or on the PUFA present in TG. The
failure of TG to undergo Fe3+-catalyzed peroxidation and the
observed broadening of the choline peak in arachidonyl PC
(Fig. 4) suggest that interaction of ferric ions with the phos-
phate group may be critical to peroxidation. 

An analysis of the exact role of iron in biological lipid per-
oxidation has often been complicated by a failure to use phys-
iological conditions (pH and ion concentrations), failure to
recognize the autoxidation of ferrous ions at or near neutral
pH, and failure to consider the lipid solubility of ferric hy-
droxide complexes. Phospholipid hydroperoxides form con-
tinuously in cell membranes and in blood lipoproteins as well
as during lipid isolation and/or during storage and handling.
Catalysis of phospholipid peroxidation by some metals (Fe,
Cu, Ni) occurs by oxidation or reduction of preformed lipid
hydroperoxides (LOOH) to form a chain-carrying lipid oxyl
radical (LO•) or lipid peroxyl radicals (LOO•) (reviewed in
Refs. 1–3,16). For example, in the case of Fe3+,
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FIG. 5. 1H NMR spectrum of the FA/MG fraction eluted from aminopropylsilyl minicolumns (Alltech, Deerfield, IL) as
described in the Materials and Methods section. The spectrum shown represents the column fraction from the 1-h reac-
tion mixture from the 1300:1 (PL/Fe3+, mol/mol) sample in Figure 1. For abbreviation see Figure 4.



LOOH + Fe3+ → LOO• + H+ + Fe2+ [1]

As noted above, at physiological pH, the ferrous ions formed
in the above reaction undergo rapid autoxidation and regener-
ation of ferric ions. Tadolini and Hakim (11) have shown that
Fe3+ could not initiate lipid peroxidation in PC liposomes
after the lipid hydroperoxides had been removed by treatment
with triphenylphosphine, indicating that lipid hydroperoxides
are essential for Fe-catalyzed peroxidation.

A peroxyl radical (LOO•) tends to abstract H from another
lipid molecule, especially in the presence of a ferric ion, thus
causing an autocatalytic chain reaction. The propagation
stage of lipid peroxidation can be summarized as follows:

LOO• + LH → LOOH + L• [2]

Arachidonate has three active bis-allylic methylene groups
and three 1,4-diene systems. Studies with methylarachidonate
indicate that hydroperoxide substitution can occur on carbons
5, 8, 9, 11, 12, or 15 (reviewed in Ref. 16). 1H NMR analysis
of the fragment eluted from an aminopropylsilyl minicolumn
following exposure of arachidonyl PC to ferric ions indicated
that, following loss of one of the four double bonds, a 9-car-
bon fragment with one double bond was released. A similar
analysis of the peroxidized PC-rich fraction indicated the
presence of approximately three carbonyl groups (based on
the α-methylene proton at about 2.8 ppm) per choline moiety.
In other words, the predominant arachidonyl phospholipid
peroxidation product contains a truncated chain in the sn-2
position with two (∆5,8) double bonds and a chain length of
11 carbons. The omega carbon of the truncated chain in the
sn-2 position is present as a carboxyl group. Thus, at low Fe3+

concentrations, a hydrogen on the alpha carbon between the
double bonds at carbon 11 appears to participate in the hy-
droperoxide reaction, releasing a fragment containing the
omega double bond. Examination of molecular models indi-
cated that when arachidonic acid in the sn-2 position was in
the all-cis configuration, the ∆11 double bond was in spatial
proximity to the phosphate of the choline head group. 

Metal ions are well known to interact with phosphate
groups in biomolecules (e.g., Refs. 17–19). When metal ions
are paramagnetic, this interaction would be expected to pro-
duce the observed large broadening of the adjacent choline
methyl proton resonance due to electron–proton dipolar inter-
action (Fig. 5). Ferric ions could thus bind to the lipid phos-
phate of arachidonyl PC, and this bound metal ion would cat-
alyze breakdown of the C-11 hydroperoxide that is in spatial
proximity to the phosphate. A possible mechanism for the
Fe3+-catalyzed peroxidation of arachidonyl PC is illustrated
in Figure 6, adapted from one proposed by Kaur et al. (20).
The free-radical-induced oxidation of arachidonyl plasmalo-
gen phospholipids has been reviewed by Murphy (21). As
noted above, iron-catalyzed hydroperoxide decomposition of
arachidonyl PC would yield a modified PC with an 11-carbon
truncated chain in the sn-2 position. Linoleic acid forms a
mixture of two conjugated diene 9- and 13-hydroperoxides

(reviewed in Ref. 16). Iron-catalyzed hydroperoxide decom-
position of linoleic acid-containing phospholipids would thus
produce a modified phospholipid containing a chain-short-
ened 9- or 13-carbon alkyl moiety in the sn-2 position. In the
chloroform–water system used here, Fe3+-catalyzed break-
down of arachidonic or linoleic acid may be occurring both at
the CHCl3/H2O interphase and within the hydrophobic re-
gion, since the Fe(OH)3 formed at physiological pH can dis-
tribute into the hydrophobic CHCl3/lipid phase. For compari-
son, Wang et al. (22) studied the distribution of hydroperox-
ide positional isomers generated by free radical oxidation in
arachidonyl PC in heterogeneous liposomes and in homoge-
nous methanol solutions. They found that the distance be-
tween the hydrophilic region of PC and the water phase
played an important role in influencing hydrogen abstraction.
In biological systems, both aqueous–lipid (membranes) and
hydrophobic regions (LDL, chylomicrons) exist, and both are
exposed to ferric ions.

Davies et al. (8) have identified an abundant fragmented
alkyl phospholipid in oxidized LDL as hexadecyl azelaoyl
phosphatidylcholine (azPC, i.e., a 9-carbon saturated FA in the
sn-2 position and an acyl ether in the sn-1 position) and have
shown azPC to be a high-affinity ligand and agonist for peroxi-
some proliferator-activated receptor γ. Leitinger (23) demon-
strated the presence of peroxidation products of arachidonyl PC
in both “minimally modified LDL” and in atherosclerotic le-
sions and reported that they may modulate and/or trigger vari-
ous signaling pathways involved in the inflammatory responses.
As shown here, similar chain-shortened substances could result
from Fe3+-catalyzed peroxidation of choline phospholipids con-
taining linoleic acid in the sn-2 position as well as from arachi-
donyl-containing PC. As reported by Barre (24), linoleic acid is
the major unsaturated FA in choline phospholipids present in
human LDL (ca. 22 mol%), with arachidonic acid constituting
the next most prevalent FA (ca. 8 mol%). 

There are a number of possible mechanisms for the tran-
sient release of ferric ions into circulation: (i) Free iron may
be released from transferrin into circulation. Brieland and
Fantone (25) showed that a decrease in plasma pH facilitated
the release of Fe3+ from partially saturated transferrin by the
polymorphonuclear leukocyte-derived superoxide anion
(O2

•), reaching plasma Fe3+ concentrations greater than 1 µM.
They suggest that since the plasma concentration of transfer-
rin is approximately 25–35 µM, similar concentrations of
Fe3+ may be released from transferrin at sites of acute inflam-
mation. (ii) Nemoto et al. (26) showed that the hemolysis
caused by cardiopulmonary bypass can lead to renal dysfunc-
tion, and other organ failure may be due at least in part to per-
oxidation caused by iron derived from hemoglobin. (iii) In
vitro studies indicate that both transferrin (e.g., Refs. 27,28)
and ferritin (e.g., Refs. 29–31) per se cause lipid peroxida-
tion. For example, Saito et al. (27) reported that peroxidation
of phospholipid liposomes could be catalyzed by iron from
transferrin, since increasing the transferrin concentration in-
creased rates of lipid peroxidation. Increasing xanthine oxi-
dase activity in the presence of transferrin also caused
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increased lipid peroxidation, suggesting that H2O2 formed by
xanthine oxidase forms lipid hydroperoxides, with a resulting
increase in iron-catalyzed peroxidation. Water proton relax-
ation NMR studies by Koenig and Schillinger (32) indicated
that transferrin-bound ferric iron is accessible to water and
may therefore participate in phospholipid peroxidation. An
episodic rise in circulating ferric ion concentration may also
occur during myocardial reperfusion injury (33) and during
Fe supplementation in kidney dialysis patients (34,35).

In summary, at physiological pH (7.4), low concentrations
of ferric ions are effective catalysts for peroxidation of PUFA
in choline-containing phospholipids in vitro. As demonstrated
here, Fe3+-catalyzed peroxidation occurs selectively adjacent
to specific double bonds (∆9 or ∆11) in phospholipids, giving
rise to linoleic and arachidonic acid-derived compounds known
to be components of the inflammatory system. These results
suggest that the transient release of ferric ions by hemolysis dur-

ing surgery, dialysis, and/or injury may play a significant role in
generating inflammatory mediators such as azPC. 
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ABSTRACT: The quantification of PC hydroperoxide (PCOOH)
in human plasma was studied by HPLC with chemiluminescence
detection (HPLC-CL). We identified for the first time the mono-
hydroperoxide of 1-palmitoyl-2-linoleoyl-PC hydroperoxide (PC
16:0/18:2-OOH) in plasma by LC-MS and HPLC-CL. The stan-
dard compound, PC 16:0/18:2-OOH (synthetic PCOOH), as
well as PCOOH from egg yolk, was used. Comparison of the
PCOOH concentration in each participant’s plasma as deter-
mined by use of a Finepak SIL NH2 column with 2-propan-
ol/methanol/water as the mobile phase (system A, the conven-
tional method) gave a higher concentration than did an LC-18-
DB column with methanol containing 0.01% triethylamine
(system B). The mean PCOOH concentration for the 43 healthy
volunteers was 55.1 ± 30.4 pmol/mL (mean ± SD) for system A
and 16.3 ± 9.9 pmol/mL for system B. Moreover, the main peak
of the plasma extract appeared at a different time from that of
synthetic PCOOH or egg yolk PCOOH in system A, whereas in
system B plasma sample retention time practically corresponded
to that of standard PCOOH. These findings confirm that the
PCOOH plasma concentration is not so high as previously re-
ported.

Paper no. L9453 in Lipids 39, 891–896 (September 2004).

Free radicals are involved in the pathogenesis of atheroscle-
rosis, liver disease, platelet aggregation, inflammation, can-
cer, diabetes, and aging. Lipid peroxidation in the cell mem-
brane is a free radical-induced chain reaction that may result
in cell membrane, protein, and DNA damage. Indeed, free
radical-induced lipid peroxidation has been assessed in a
number of studies including analyses of 4-hydroxynonenal
(1), malondialdehyde (2), and isoprostanes (3), secondary
products of phospholipid peroxidation.

Previously, we developed methods for quantifying choles-
terol hydroperoxides by HPLC with chemiluminescence de-
tection (HPLC-CL) (4) and oxysterols by HPLC with UV de-
tection (5) and used these methods to investigate oxidative
stress in various models. For example, administration of both
paraquat and alcohol produces reactive oxygen species and
induces membrane lipid peroxidation. We therefore investi-
gated membrane cholesterol peroxidation by analyzing not
only the 7-hydroperoxycholesterols present in rat liver and

kidney after administration of a low dose of paraquat (6) but
also the oxysterols present in human lung and kidney in
paraquat intoxication (7). Concentrations of 7-hydroperoxy-
cholesterols, as well as oxysterols, were significantly elevated
in skeletal muscle (8), liver (9), and heart (5) of rats adminis-
tered chronic alcohol and in the brains of CO-intoxicated rats
(10). Results confirmed that 7-hydroperoxycholesterols and
oxysterols are good markers of oxidative stress.

A method for quantifying PC hydroperoxide (PCOOH),
reported in 1987, was developed and used to evaluate oxida-
tive stress in various models (11). There is still contention,
however, over whether the PCOOH concentration in the
plasma is high enough to detect because of rapid enzymatic
reduction of PCOOH to PC hydroxide (12,13). To address
this issue, we investigated the method for analyzing PCOOH
in two HPLC systems and compared PCOOH plasma concen-
tration results for healthy volunteers.

MATERIALS AND METHODS 

Materials. 3,5-Di-tert-butyl-4-hydroxytoluene (BHT), lumi-
nol (3-aminophthaloylhydrazine), and cytochrome C (from
horse heart, type VI) were purchased from Wako Pure Chem-
ical Co. (Osaka, Japan). PCOOH (from egg yolk), synthe-
sized by reaction with methylene blue under tungsten lamp
irradiation, was a gift from Prof. Junji Terao, Tokushima Uni-
versity. We named this egg yolk PCOOH. 1-Palmitoyl-2-
linoleoyl-PC hydroperoxide (16:0/18:2-OOH) was synthe-
sized as follows and named synthetic PCOOH. Methylene
blue-4H2O (2 mg) was dissolved in a 1:1 mixture (50 mL) of
CHCl3 and methanol. A solution of 1-palmitoyl-2-linoleoyl-
L-PC (160 mg) in the methylene blue solution (20 mL) pre-
pared above was irradiated with a tungsten lamp (30 W) at
15°C for 8 h with monitoring by HPLC and TLC. The whole
reaction mixture was subjected to HPLC [Daiso-gel (Daiso,
Osaka, Japan), SP-120-40/60-ODS-B; CHCl3/methanol; UV
235 nm, 50 mL/min]. The product (67.3 mg) obtained was
checked by MS, TLC, and HPLC. When we injected the syn-
thetic PCOOH into the high-performance liquid chromato-
graph (a different system from either A or B) with UV detec-
tion at 235 nm, a small peak appeared whose area was 14%,
while the area of the standard PCOOH was 86%. Thus, the
purity of the standard compound may be 86%. When we de-
termined the concentration of PCOOH in plasma, we used an
HPLC-CL system. This system specifically detects the com-
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pound with hydroperoxide. By this system the standard
PCOOH appeared as a single peak. Moreover, there was a sin-
gle spot on TLC. Additionally, the amount of phospholipid
was analyzed quantitatively as 1.95 mg/mL. MS: 790.6
(MH+, monoperoxide) and 812.6 ([M + Na]+, monoperoxide).
H NMR (δ): 6.8–5.2 [m, olefinic H and CH(OOH)], 5.20 (1H,
m, 2′′′-H), 4.4–4.0 [m, 1′′′, 1′′, and CH(OOH)], 3.95 (2H, m,
3′′′-H2), 3.75 (2H, m, 2′′-H2), 3.3 [10H, m, N(CH3)3 and
OOH], 2.3 (2H, m, 2-H2), 2.05 (2H, m,
CH2CH=CH–CH=CH–), 1.6 (4H, m, 3-H2 and 3′-H2), and
0.95 (6H, m, 16-CH3 and 18′-CH3) .

Subjects. Forty-three healthy volunteers, 33 men and 10
women, 20 to 79 yr old, body mass index (BMI) 22.2 ± 3.3
kg/m2, were recruited after obtaining their informed consent.
This study meets the ethical guidelines of the Helsinki Decla-
ration.

Extraction. Three milliliters of blood was collected in a test
tube containing 0.3 mg of EDTA·2Na, centrifuged at 4°C and
800 × g for 10 min, and the plasma fractionated. Total lipid
was extracted by adding 0.5 mL of distilled water and 8 mL of
ice-cold chloroform/methanol (3:1, vol/vol), containing
0.005% (vol/vol) BHT (as antioxidant) to 0.5 mL of plasma.
The mixture was vortexed vigorously for 1 min then cen-
trifuged at 800 × g for 20 min. The chloroform layer was aspi-
rated off and concentrated in a rotary evaporator, then dried
under a nitrogen stream. The phospholipid fraction then was
isolated from the total lipid by solid-phase extraction. A silica
column (Sep-Pak; Waters Co., Milford, MA) of 3-mL capac-
ity packed with aminopropyl-derivatized silica (–NH2) ini-
tially was conditioned by washing it with 5 mL of acetone and
10 mL of n-hexane. The total lipid sample, dissolved in a small
amount of chloroform, was layered on the column, which then
was flushed with a mixture of 2 mL chloroform and 1 mL iso-
propanol, giving an eluate consisting mainly of cholesterol.
The column was next flushed with methanol containing
0.005% BHT, giving an eluate consisting mainly of phospho-
lipid. This was concentrated in a rotary evaporator, dried under
a nitrogen stream, then dissolved in 150 µL methanol; a 10-
µL portion was injected onto the HPLC column.

LC-MS. The MS analysis was performed on a quadrupole
orthogonal acceleration time-of-flight, Micromass Q-TOF
Micro (Waters Corporation) equipped with an electrospray
interface. The instrument was operated in positive ion mode
with a capillary voltage of 3200 V and cone voltage of 40 V.
The desolvation gas was set at 600 L/h with a desolvation
temperature of 150°C and a source temperature of 80°C. The
column effluent was 100 µL/min introduced into the mass
spectrometer source. Full-scan spectra were recorded in pro-
file mode. The range between m/z 100 and 1000 was recorded
at a resolution of 5000 (full width at half maximum). The ac-
cumulation time was 1 s/spectrum. 

Chromatography was performed using an Agilent 1100
HPLC (Agilent Technologies, Waldbronn, Germany). Injec-
tions of plasma samples (1 µL) were made onto a 150 × 1.0
mm Phenomenex (Torrance, CA) Luna C8 5.0 µm column.
The column was maintained at 40°C and eluted under gradi-

ent conditions at a flow rate of 100 µL/min; the mobile phase
consisted of 5% methanol with 10 mM aqueous ammonium
acetate (solvent A) and 95% methanol with 10 mM aqueous
ammonium acetate (solvent B). Separation was carried out
with a linear gradient starting with 90% solvent B followed
by ramping up to 100% solvent B at 20 min and then main-
taining for 17 min. The total run time was 37 min.

HPLC-CL analysis. PCOOH was analyzed by HPLC-CL.
The apparatus consisted of two LC-10AD vp pumps (Shi-
madzu, Kyoto, Japan), a CLD-10A chemiluminescence de-
tector (Shimadzu), and a Chromatopac C-R8A integrator
(Shimadzu). Two columns and mobile phases were used: A
Finepak SIL NH2-5 column (250 × 4.6 mm i.d.; JASCO,
Tokyo, Japan) with 2-propanol/methanol/water (115:65:20)
as the mobile phase was designated system A. Both the mo-
bile phase and chemiluminescent reagent were delivered at
0.7 mL/min. 

An LC-18-DB column (250 × 4.6 mm i.d.; Supelco, Belle-
fonte, PA) with methanol containing 0.01% triethylamine as
the mobile phase was designated system B. The mobile phase
was delivered by one pump at 0.7 mL/min, and the chemilu-
minescent reagent by the other pump, also at 0.7 mL/min. The
reagent consisted of cytochrome C and luminol (10 and 2
µL/mL, respectively) in alkaline borate buffer, pH 10. After
the column eluant was passed through a UV detector (set at
210 nm in system A and at 234 nm in system B), it was mixed
with the luminescent reagent in the postcolumn mixing joint
of the chemiluminescence detector. 

Individual peak areas were calculated with an integrator
(Chromatopac C-R8A; Shimadzu). Synthetic PCOOH was in-
jected at least three times a day to calculate the concentration,
because the chemiluminescent intensity was sometime unsta-
ble, particularly during the early period of analysis. 

Statistical analysis. All data are presented as means ± SD.
Differences among age groups were assessed using two-way
ANOVA followed by the post hoc tests of Fisher.

Recoveries from the plasma extracts were determined by
comparison of the peak area obtained after injection of a
plasma extract spiked with a known concentration (150
pmol). The recoveries were about 70%. The concentrations
of plasma were calculated based on recovery.

RESULTS

Figure 1 shows the mass chromatograms from 5 to 17 min by
LC-MS. Mass chromatograms of standard PCOOH (column
1) and plasma extract (columns 2 and 3) are shown. Coincid-
ing peaks are seen originating from MH+ of the standard
PCOOH (16:0/18:2-OOH) at m/z 790.6 at a retention time of
10.6 min, from MH+ of hydroperoxide of PC 16:0/18:2 at m/z
790.6 (column 2) at a retention time of 10.8 min, and from
MH+ of hydroperoxide of PC 18:0/18:2 at m/z 818.6 (column
3) at a retention time of 15.6 min. The electrospray ionization
(ESI)-mass spectra of standard PCOOH and peak 2a show
protonated and sodiated molecular ions as MH+ of m/z 790.6
and [M + Na]+ of m/z 812.6, respectively, as shown in Figure
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2. The ESI-mass spectrum of peak 3a contained ions as MH+

of m/z 818.6 and [M + Na]+ of m/z 840.6. Thus, peak 2a was
identified as the monohydroperoxide of PC 16:0/18:2. Peak
3a seemed to be the monohydroperoxide of PC 18:0/18:2.

In Figure 3, typical HPLC-CL chromatograms for PCOOH
are shown for standard solutions (1. synthetic PCOOH, 2. egg
yolk PCOOH), plasma sample (3), and plasma + synthetic
PCOOH (4) in the Finepak NH2-5 column with 2-propa-
nol/methanol/water as the mobile phase (system A). The re-
spective peaks of synthetic and egg yolk PCOOH appeared at
10.83 and 10.78 min. The plasma extract peak at 10.07 min,
however, was consistent with that of neither the synthetic nor
egg yolk PCOOH. Moreover, when synthetic PCOOH was
added to the plasma, the retention time was 10.18 min.

The HPLC-CL chromatograms for PCOOH are shown in
Figure 4 for PCOOH in standard solutions (1. synthetic
PCOOH, 2. egg yolk PCOOH) and plasma sample (3) applied
to the LC-18-DB column with methanol containing 0.01% tri-
ethylamine as the mobile phase (system B). Synthetic
PCOOH gave a single peak at 7.82 min, whereas egg yolk
PCOOH had two peaks at 7.83 and 9.42 min. The plasma ex-
tract had peak X at 7.81 and Y at 9.36 min, the retention time
of peak X nearly coinciding with both the synthetic PCOOH
peak and the earlier one of egg yolk PCOOH. Moreover, the
retention time of peak Y nearly coincided with the later peak
of egg yolk PCOOH. Accordingly, the retention time of the
plasma extract peak corresponded to that of the standard
PCOOH in system B but not in system A. When we used
methanol without triethylamine as a mobile phase, PCOOH
peak did not appear.

Comparison of the PCOOH concentration in systems A
and B showed that the PCOOH concentration in the plasma is
evidently higher in system A. The mean concentration in sys-
tem A was 55.1 ± 30.4 pmol/mL, and in system B 16.3 ± 9.9
pmol/mL. The mean concentration ratio for systems A and B
was 3.3 ± 0.9 (Table 1).
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FIG. 1. Mass chromatograms of standard PCOOH (PC hydroperoxide)
and lipid extract from human plasma in 8 to 16 min by LC-MS.

FIG. 2. Electrospray ionization mass spectra of standard PCOOH, peaks
2a and 3a, (from Fig. 1). For abbreviation see Figure 1.

FIG. 3. HPLC analyses of standard PCOOH and a plasma sample by
chemiluminescence detection in system A. For abbreviation see Figure 1.



PCOOH concentrations in the male and female subjects
are shown in Table 1. There were no significant differences in
the PCOOH concentrations between the two groups in either
system, even though the number of subjects and mean ages
differed. PCOOH concentrations for four age groups are
shown in Table 2. The PCOOH concentration for age group
20–29 was the lowest in both systems. Although the BMI
tended to increase with age, the PCOOH concentration for
age group 50–79 was not the highest.

DISCUSSION

The major findings of this study were that (i) the hydroperox-
ide of PC 16:0/18:2 could be identified in plasma by LC-MS
and HPLC-CL, (ii) the plasma PCOOH concentration ob-
tained with system A (the conventional method) was 3.3
times that obtained with system B, and (iii) the main plasma
peak in system A appeared at a different time from that of ei-
ther synthetic or egg yolk PCOOH.

The mass spectrum of peak 2a showed that [MH]+ and [M
+ Na]+ ions at m/z 790.6 and 812.6, respectively, were not
strong, because the concentration of hydroperoxide of PC
16:0/18:2 was very low (Fig. 2). When we analyzed the rat
tissue sample with a higher concentration of PCOOH than in
plasma, the mass chromatogram and MS spectra data were
very similar to the plasma sample (14). The ESI-mass spec-
trum of peak 2a contained three pairs (A–C) of the MH+ and
[M + Na]+ ions: (i) 772.6 and 794.5; (ii) 790.6 and 812.6; and
(iii) 818.6 and 840.6 (Fig. 2). In addition, the retention time
of peak 2a from plasma extract appearing on the mass chro-
matogram at m/z 790.6 was similar to the standard peak (Fig.
1). Moreover, we showed that the retention time of the stan-
dard PCOOH was consistent with that of plasma extract by
HPLC-CL (System B) (Fig. 4). Thus, we identified peak 2a
as the monohydroperoxide of PC 16:0/18:0. To our knowl-
edge, this is the first report in which PCOOH is identified by
LC-MS in human plasma. As for peak 3a, we assumed it was
the monohydroperoxide of PC 18:0/18:2 based on the mass
spectrum of 3a.

PC in plasma mainly consists of linoleic acid as unsatu-
rated FA, whereas PE consists of linoleic acid as well as
DHA.

Plasma PCOOH or egg yolk PCOOH also may contain
molecular species of PC, of which PC 16:0/18:2-OOH is the
most common and PC 18:0/18:2-OOH the second most com-
mon. A single main peak appeared in system A, whereas two
peaks appeared in system B. The earlier peak (X) in system
B, which appeared at a time similar to that of synthetic
PCOOH, was PC 16:0/18:2-OOH. As we detected PC
16:0/18:2-OOH and PC 18:0/18:2-OOH in plasma extract by
LC-MS, the later one (Y) must be PC 18:0/18:2-OOH. We es-
timated the concentration of peak Y by calculating the peak
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FIG. 4. HPLC analyses of standard PCOOH and a plasma sample in sys-
tem B. For abbreviation see Figure 1.

TABLE 1
PCOOH Concentrationsa in Male and Female Subjects

PCOOH (pmol/mL) A/B
Group n Age (yr) BMI A. NH2 B. ODS ratio

Total 43 39.81 22.26 55.14 16.38 3.37 
± 14.17 ± 3.33 ± 30.43 ± 9.99 ± 0.97 

Men 33 42.21 22.96 54.81 16.57 3.31 
± 14.62 ± 3.34 ± 30.69 ± 10.39 ± 1.04 

Women 10 31.90 19.56 56.24 15.81 3.56 
± 9.27 ± 1.37 ± 31.17 ± 9.04 ± 0.74 

aValues are means ± SD. PCOOH, PC hydroperoxide; BMI, body mass index
calculated by body weight/(height)2; A. NH2: HPLC column, Finepak SIL
NH2-5 (JASCO, Tokyo, Japan); B. ODS: HPLC column, Supelco LC-18-DB
(Bellefonte, PA).

TABLE 2
PCOOH Concentrationsa in Four Age Groups

PCOOHb (pmol/mL) A/B
Age group n Age (yr) BMI A. NH2 B. ODS ratio

20–29 12 23.83 20.37 32.31 9.50 3.66 
± 1.53 ± 2.67 ± 17.61 ± 6.36 ± 0.99 

30–39 10 34.30 21.41 62.56* 18.95* 3.64 
± 2.82 ± 4.16 ± 28.67 ± 9.93 ± 1.16 

40–49 10 44.10 22.74 66.87** 20.24** 3.57 
± 2.64 ± 3.45 ± 18.39 ± 8.72 ± 0.93 

50–79 11 58.36 24.00 62.65* 18.08* 3.57 
± 9.57 ± 2.75 ± 40.30 ± 11.69 ± 0.94 

aValues are mean ± SD.
bDifferent from group (20–29), *P < 0.05; **P < 0.01. For abbreviations see
Table 1.



area based on PC 16:0/18:2-OOH. In the present study, the
concentrations of PCOOH with system B were obtained by
the sum of PC 16:0/18:2-OOH and PC 18:0/18:2-OOH. Mea-
surement of the plasma PCOOH of healthy subjects showed a
mean concentration of 55.1 pmol/mL with system A, which
is more than 3.3 times the value obtained with system B (16.3
pmol/mL). The main peak in system A may therefore be con-
taminated. 

Concentrations of phospholipid hydroperoxides in biolog-
ical samples have been well studied, particularly PCOOH in
plasma. Table 3 shows the reported plasma PCOOH concen-
trations in healthy volunteers, obtained with HPLC columns
(12–20). Miyazawa et al. (15,16,18,19) developed an HPLC-
CL method that uses a Finepak SIL-NH2 column and a
Finepak SIL column. They reported that the mean plasma
PCOOH value was between 73 and 227 pmol/mL, whereas
Yamamoto et al. (12,13) detected no PCOOH in human
plasma. The reasons for its absence are that PCOOH is re-
duced to PCOH by plasma glutathione peroxidase (21) or
apolipoprotein A-1 (22), and that PCOOH in HDL is con-
verted to cholesteryl ester hydroperoxide by lecithin:choles-
terol acyltransferase (23). When measuring the plasma
PCOOH, Yamamoto et al. injected methanol extract corre-
sponding to 10 µL of plasma onto the HPLC column. In ex-
amining their method, we recognized that 10 µL of plasma
was too small to be detected. Comparison of the reported
PCOOH concentrations with our results, 73 to 227 pmol/mL
(15,16,18,19) as well as 88.6 pmol/mL (20), shows the re-
ported values are far too high.

Reports of HPLC chromatograms showing the retention
time of standard PCOOH are few (18). To our knowledge,
there are no reports showing that the retention time of the
plasma peak corresponds to that of standard PCOOH. Conse-
quently, some contaminants in the main peak obtained with
system A must be the cause of the inconsistency in the reten-
tion times.

Regarding age, the PCOOH concentration in red blood cell
membranes was found to be significantly higher in older
(56–92 yr) than younger (22–27 yr) subjects (24), and plasma
PCOOH increased with age (15). Our findings indicate that

the youngest group (22–29 yr) had the lowest PCOOH con-
centration. This is similar to the above results, but differs
from a thiobarbituric acid study in which the total lipid per-
oxide of LDL was independent of age (25).
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ABSTRACT: Raman spectroscopy has been used to predict the
abundance of the FA in clarified butterfat that was obtained
from dairy cows fed a range of levels of rapeseed oil in their
diet. Partial least squares regression of the Raman spectra
against FA compositions obtained by GC showed that good pre-
diction of the five major (abundance >5%) FA gave R2 =
0.74–0.92 with a SE of prediction (RMSEP) that was 5–7% of the
mean. In general, the prediction accuracy fell with decreasing
abundance in the sample, but the RMSEP was <10% for all but
one of the 10 FA present at levels >1.25%. The Raman method
has the best prediction ability for unsaturated FA (R2 =
0.85–0.92), and in particular trans unsaturated FA (best-pre-
dicted FA was 18:1t∆9). This enhancement was attributed to the
isolation of the unsaturated modes from the saturated modes
and the significantly higher spectral response of unsaturated
bonds compared with saturated bonds. Raman spectra of the
melted butter samples could also be used to predict bulk pa-
rameters calculated from standard analyzes, such as iodine
value (R2 = 0.80) and solid fat content at low temperature (R2 =
0.87). For solid fat contents determined at higher temperatures,
the prediction ability was significantly reduced (R2 = 0.42), and
this decrease in performance was attributed to the smaller range
of values in solid fat content at the higher temperatures. Finally,
although the prediction errors for the abundances of each of the
FA in a given sample are much larger with Raman than with full
GC analysis, the accuracy is acceptably high for quality control
applications. This, combined with the fact that Raman spectra
can be obtained with no sample preparation and with 60-s data
collection times, means that high-throughput, on-line Raman
analysis of butter samples should be possible. 

Paper no. L9558 in Lipids 39, 897-906 (September 2004).

The composition, both physical and chemical, of fats is a
major concern, from the health implications of saturated and
n-3 and n-6 FA to the physical properties of shortening and of
spreadable butter (1). In today’s increasingly quality-con-
scious market, it is becoming more important to test products
rigorously and extensively before they reach the processor or
consumer. In this respect, the most favorable methods must
be rapid with good repeatability and reliability and be capa-
ble of a high throughput. The best systems will allow on-line,
nondestructive analysis of the product while analyzing for the
maximal number of parameters possible. 

The potential of Raman spectroscopy for the analysis of
fats and oils has been recognized for some decades. Raman
spectroscopy already has been used successfully to determine
important composition/physical structure parameters in a
wide range of lipid sample types. These include: cis/trans
geometrical isomer ratio (2), unsaturation (3), conjugated
double bond content (4), chain length (5), FFA content (6),
and crystal structure (7). The main advantages of Raman
analysis are that no sample preparation is required (allowing
in situ or on-line studies) and that it can be applied to any
physical state including gases, liquids, gels, amorphous
solids, and crystals. However, until recently, adoption of
Raman methods for routine analysis of fats and oils has been
hindered by the high cost and complexity of the instrumenta-
tion required. This situation is now changing rapidly. A num-
ber of technological advances such as holographic notch fil-
ters for rejection of elastically scattered light and the avail-
ability of long-wavelength (750–1064 nm) excitation lasers
(which reduce background fluorescence problems) are mak-
ing the technique more accessible than ever before, while the
introduction of simple-to-use commercial instruments means
that it is straightforward for nonspecialists to record good-
quality Raman spectroscopic data. At present, the main prob-
lem Raman spectroscopy faces is that it is newer than com-
peting techniques such as NIR, FTIR, and NMR spec-
troscopy, so there is not the same level of background
information, such as widely agreed standard procedures and
detailed best working practices for analysis of particular types
of samples that are already available for the more established
techniques. For example, NIR and FTIR spectroscopy have
been shown to provide reasonably good predictions of FA
composition in edible fats (8–11). However, although the pro-
portion of the major unsaturated FA are well predicted (R2

typically ≥0.95 for the most abundant unsaturated FA), the
prediction ability is reduced considerably as the proportion of
the FA decreases and as the saturation increases (e.g., R2 for
stearic acid is <0.8). 

This paper is part of a series of investigations into the po-
tential of Raman spectroscopy for routine analysis of lipid sys-
tems, which have also included experimental and theoretical
studies (using density functional theory) on model systems
(12–14) and the experimental analysis of adipose tissue from a
range of animals (15). The aim of this work is to investigate the
extent to which Raman spectroscopy can determine the com-
position of real-life edible fat samples, which are typically
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composed of mixtures of TG. Two rather different types of
compositional information might be extracted from Raman
data. The first type is overall bulk properties, such as unsatura-
tion, which a priori would be expected to be readily obtainable
since they depend on measuring the spectroscopic signature of
distinct entities in the samples, e.g., the C=C vibrations. The
second type of information is the relative abundances of the FA
in the sample, which would be expected to be much more diffi-
cult to obtain since the Raman spectra of homologous series of
FA typically show smooth changes with increasing chain
length, for example (12). Although subtle irregularities in these
smooth trends have been found, the overall similarity in the
spectra of 12:0, 14:0, 16:0, and 18:0 means that it must be more
difficult to distinguish the relative proportions of each in a
given sample than simply to extract the overall average chain
length. In this paper the ability of Raman methods to determine
both types of information for clarified butter will be examined.

Butter is a relatively simple food to analyze as it is gener-
ally ca. 82% fat (of which, ca. 98% are TG) with low concen-
trations of protein and water. This means that the Raman
spectra are dominated by the fat bands, and interference from
the other constituents is insignificant. The clarified butter
samples used for this work were obtained from a large-scale
investigation of the effect of dietary FA composition on the
FA composition of cows’ milk. These cows were offered feed
that had been supplemented with varying amounts of seeds
containing highly unsaturated oil. Results from the GC analy-
sis of the clarified butter showed that the dietary feed affected
the clarified butter composition, with a direct correlation be-
tween the FA composition of the feed and that of the clarified
butter. This was found to have significant consequences on
the physical properties, notably increased softness/spreadabil-
ity in the clarified butter (see Ref. 16 for details). For the pur-
poses of this work, the important point is that the dietary mod-
ification provided a set of butters with a range of different
compositions and physical/chemical properties. Of course, if
the method is shown to be successful, then, in addition to
proving a point about the potential of the general approach, it
would immediately provide an excellent method for routine
quality control of modified butters of this type that could be
adopted straightaway.

MATERIALS AND METHODS

Preparation of samples. The samples used in this investiga-
tion were anhydrous milk fat, prepared by clarifying butter
(BSI 1961). Spectra were accumulated from samples held at
55°C using an insulated heating block controlled using a Eu-
rotherm 91 temperature controller. This temperature was cho-
sen because all the butter samples would be expected to be
liquid, thus eliminating physical state effects and allowing the
Raman spectra to be correlated with purely chemical changes.
The butters used in this investigation were supplied from an
experiment in which the FA composition of the milk fat
(abundances of major FA 308, 195, and 139 g kg−1 on average

for 16:0, 18:1c∆9, and 14:0, respectively) was altered by in-
clusion of whole rapeseeds (containing 549, 294, and 103 g
kg−1 18:1c∆9, 18: 2c∆9,12, and 18:3c∆9,12,15, respectively)
in the pelleted concentrate offered to the dairy cows in the
study. Full details of the experiment, along with all chemical
and physical methods of analysis, are published elsewhere
(16). Ninety-two clarified butter samples were analyzed by
Raman spectroscopy. 

Raman spectroscopy. Raman spectroscopic measurements
were carried out using a point-focused 785 nm excitation wave-
length (typically 100–120 mW at the sample) with a previously
described home-built Raman spectrometer (12). Laser wave-
length calibration was carried out using a neon emission lamp.
The spectrograph was calibrated for Raman shift using a 50:50
(vol/vol) acetonitrile/toluene mixture [comparing to frequency
standards from the American Standard Testing Method [ASTM
E 1840 (1996)]. The Raman signal was recorded from 260 to
2000 cm−1, the region containing the C–C, C=C, C–O and C=O,
stretches and the C–H bends. Two spectra (30 s accumulation
time) were obtained from each sample, and the individual spec-
tra were averaged prior to regression analysis.

CSMA (17) spectral accumulation software was used to col-
lect the raw data. The spectra were exported to SpectraCalc
(Galactic Industries, Salem, NH), and the calibration was read-
justed to allow for differences in the two file types. The spectra
were then automatically baseline-subtracted using a modified
visual basic program that allowed a standard 14-point subtrac-
tion to be carried out. The baseline points were at ca. 260, 340,
380, 500, 600, 690, 790, 1185, 1380, 1500, 1530, 1760, 1880,
and 1990 cm−1, but these values were adjusted as necessary to
remove any effect due to slight daily variations in calibration.
To eliminate cosmic rays, two sequential spectra were acquired
and added together. Subtraction of the square root of the
squared difference spectrum from this sum removed any cos-
mic rays. The spectra were exported as ASCII files to Microsoft
Excel (Redmond, WA) and collated into spreadsheets, and re-
gions known to contain no significant contribution from Raman
scattering were removed. 

Multivariate calibration. Standard partial least squares (PLS)
analysis was carried out using The UnscramblerTM v. 7.5
(CAMO, Trondheim, Norway). Prior to regression analysis, the
spectra were normalized around the intensity of the ν(C=O) band
at 1745 cm−1, and mean centering was applied to the spectra.
During the PLS analysis of the data, the “jackknife” procedure
included in the program was used to select the wavenumber
shifts that correlated with the measured parameter and to reject
data from wavenumber shifts not contributing to the prediction.
Validation was carried out using leave-one-out cross-validation.
The optimal number of PLS factors used for the regression was
determined from the minimum residual validation variance. Out-
liers were detected using residual Y-validation variance.

GC Analysis. FAME were prepared from the anhydrous
milk fat using BS684: 1980. Approximately 0.25–0.5 g of fat
was dissolved in 10 mL of hexane, to which was added 0.5
mL of 2-N KOH in anhydrous methanol, and the sample con-
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tainer was shaken vigorously for 20 s. Two milliliters of the
hexane solution weas siphoned off and stored at –18°C until
required. 

For GC, an aliquot (0.1 µL) of the FAME was then injected
onto a WCOT fused-silica coated capillary column (CP Sil
88, 0.32 mm i.d., 100 m length; Chrompack, London, United
Kingdom) in a Varian Star 3400 gas chromatograph (Varian
Associates Ltd., Walton-on-Thames, Surrey, United King-
dom) equipped with a Speta programmable injector and FID.
The injection temperature was programmed from 50 to 250°C
at a rate of 25.0°C/min, and the oven temperature was ramped
from 50 to 125°C at 20°C/min, then from 120 to 225°C at
4°C/min to improve separation and resolution. Internal and
external standards were used for identification and recovery
efficiency purposes. Peaks with <0.5% of the total chromato-
gram area were rejected from the analysis. 

Solid fat content and iodine value (IV). Solid fat content
(%) of the clarified butter was measured using pulsed NMR
in a Bruker Minispec PC 120 series NMR Analyzer (Bruker
Spectrospin Ltd., Coventry). The clarified butter was melted
at 60°C for 30 min followed by crystallization at 0°C for 90
min. Parallel measurements of solid fat content were made at
5, 10, 15, 20, and 25°C, after tempering of the milk fat for 30
min at the measuring temperature.

IV of the milk fat were determined using the AOCS Cd 1b-
87 method (18), with results expressed as g of iodine per 100
g of fat.

RESULTS AND DISCUSSION

In this paper, our studies of model FA-based lipids are ex-
tended to the investigation of real fat systems (clarified but-
ters) that are predominantly composed of TG. Figure 1 shows
the average Raman spectrum at 55°C of clarified butter ob-
tained from the milk of cows fed a standard diet and a high-
oil diet. The spectra were normalized to the carbonyl stretch-
ing mode (ca. 1745 cm−1), which is a molar standard since
every FA contains only one carbonyl group. These spectra are
very similar to those of the simple FAME we studied previ-
ously, which allowed the bands to be assigned easily, as
shown in Table 1. In Figure 1 it is clear that all the major
bands increase in intensity with respect to the carbonyl stan-

dard with higher oil content in the diet of the cows, but the
modes arising from unsaturated bonds increase more than the
others. This is expected, since comparison of the FA profiles
of the standard diet butter and the rapeseed butter shows that
the rapeseed contains >95% 18-carbon FA and unsaturated
FA (many of which are polyunsaturated), whereas the butter
contains large proportions of shorter–chain saturated FA (e.g.,
16:0 and 14:0 account for 45% of the total FA). The central
question is whether the obvious spectral changes associated
with butter from cows fed the altered diet can be used to ob-
tain quantitative information about the composition of the
samples. Here we treat, in turn, prediction of the abundance
of the various constituent FAME, the solid fat content, and
the various bulk chemical composition parameters that can be
used to characterize edible fats and oils. 

FA composition—PLS regression with GC data. In our pre-
vious studies of a model FAME system (12), we showed that
Raman spectra carried information on the chemical composi-
tion of samples of the simple model compounds. In the cur-
rent study, the Raman data were correlated with the results of
GC analysis of all the clarified butter samples (all treatments
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FIG. 1. Average Raman spectrum (acquired at 55°C) of the zero (solid
line) and 600 g oil day−1 (dashed line) rapeseed diet clarified butter sam-
ples analyzed in this investigation. Numbering of peaks corresponds to
the table of assignments (Table 1).

TABLE 1
Assignment of Bands in the Raman Spectra of Anhydrous Butter in the Liquid Phase 

Banda Band position Assignment (ref. number)

1 1730–1750 ν(C=O) Carbonyl stretch (20)
2 1640–1680 ν(C=C) Olefinic stretch (4)
3 1400–1500 δ(CH2)sc Methylene scissor deformations (20)
4 1295–1305 δ(CH2)tw Methylene twisting deformations (21)
5 1250–1280 δ(=CH)ip In-plane olefinic hydrogen bend (21)
6 1100–1135 ν(C–C)ip In-phase aliphatic C–C stretch all-trans (22)
7 1080–1090 ν(C–C)g Liquid: aliphatic C–C stretch in gauche (23)
8 1060–1065 ν(C–C)op Out-of-phase aliphatic C–C stretch all-trans (24)
9 800–920 ν(C1–C2), CH3,rk, ν(C–O) Complex broad table in liquid (25)
aThe band number refers to the numbering in Figure 1. 



and both lactation groups) to determine the ability of Raman
spectra to predict the sample composition of more complex
systems over a realistic range of compositions. The main dif-
ference between the work on the real and model systems is
that in the clarified butter samples, there is a mixture of FA in
each sample, so the relative proportions of each may be pre-
dicted as well as the overall average properties.

The prediction least squares regression correlation coeffi-
cients and SE of prediction for all the FA and bulk parame-
ters analyzed in the course of the experiment are shown in
Table 2. The FA are listed in order of chain length and unsat-
uration levels, with cis isomers before trans. The SE of pre-
diction is quoted as a percentage of the mean, to give absolute
error, and as a percentage of the SD, to give error relative to
the range of the data. The major FA are 18:1c∆9 (29.4% of
total FA), 16:0 (25.3% of total FA), 18:0 (13.26% of total FA),
and 14:0 (10.2% of total FA).

Not surprisingly, in general the best-predicted FA are those
that are present in the higher amounts. Figure 2 shows, for ex-
ample, the validation predictions plotted against the GC-mea-
sured values for the most abundant acid, 18:1c∆9. Although
the 18:1c∆9 predictions are good (R2 = 0.859 and an SE of pre-
diction (RMSEP) of ca. 6% of the mean), the predictions for
its trans near-analog 18:1t∆11 were better (R2 = 0.924 and an
RMSEP of ca. 6% of both the mean and range) despite the
trans only having the fifth-highest abundance. This good pre-
diction for the trans can be explained by the isolation of the
band corresponding to the olefinic modes of trans bonds at
1670 cm−1 and the relative scarcity of other trans FA (no oth-
ers >0.5%). Notwithstanding these compound-specific effects,
it is clear that the relative abundance of the fat is the major de-

termining factor in the method’s ability to predict it. Overall,
the regression correlation coefficients for the prediction of FA
content are comparable with the published NIR literature re-
sults quoted previously for the high-abundance acids (8–11),
but here it is notable that the accuracy is not confined entirely
to the major species. For the 10 most abundant FA, the root
mean square error of prediction is <10% of the mean in all ex-
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TABLE 2
Prediction Correlation Coefficients and SE of Prediction (RMSEP) for PLS Regression of Raman Data with GC Data for Clarified Butterfat 

RMSEP RMSEP No. of No. of
µa σb R2c RMSEPd % of µ % of 4σ factorse outliers

Raman vs. FA content
4:0 1.12 0.34 0.609 0.214 19.10 15.73 4 1
6:0 1.15 0.34 0.724 0.181 15.72 13.29 3 1
8:0 0.93 0.27 0.814 0.117 12.60 10.85 3 1
10:0 2.25 0.75 0.86 0.278 12.36 9.27 5 0
12:0 2.87 0.9 0.903 0.278 9.68 7.72 4 1
14:0 10.19 1.91 0.869 0.690 6.77 9.03 5 0
14:1 0.96 0.19 0.621 0.117 12.18 15.38 5 0
15:0 1.26 0.17 0.769 0.084 6.63 12.28 5 0
16:0 25.32 3.38 0.86 1.261 4.98 9.33 3 0
16:1c 1.35 0.2 0.676 0.116 8.56 14.44 4 1
16:1t 0.49 0.03 0.116 0.036 7.39 30.17 1 0
17:0 0.61 0.13 0.235 0.493 80.89 94.88 5 2
18:0 13.26 1.93 0.736 0.946 7.13 12.25 3 0
18:1c 29.41 4.86 0.859 1.799 6.12 9.25 3 0
18:1t 5.26 1.3 0.924 0.298 5.66 5.73 5 1
18:2c 1.08 0.12 0.064 0.133 12.30 27.67 1 0
18:2t 0.3 0.07 0.819 0.031 10.37 11.11 2 2
18:3c 0.61 0.06 0.005 0.064 10.54 26.79 1 0
CLA 1.55 0.3 0.858 0.112 7.25 9.36 4 0

aAverage % total mass of lipid.
bSD of the % total mass of lipid from the mean.
cLeast squares regression correlation coefficient (validation).
dRMSEP is quoted as a percentage of the mean (RMSEP % of µ) and sample range (RMSEP % of 4σ). PLS, partial least squares.

FIG. 2. Partial least squares (PLS) regression plot for the prediction of
the relative abundance of 18:1c∆9 FA in clarified butter using Raman
spectroscopy.



cept one case; conversely, for the nine least abundant (all
<1.25% of the sample), the error of prediction is >10% of the
mean in all cases except one. For some of the least abundant
FA (e.g., 16:1t∆9), the optimal number of PLS factors was 1
since the residual validation variance increased with additional
factors. CLA (18:2∆c9,t11) is a FA of particular interest owing
to its special role in health. In this investigation it was found
that the amount of CLA in the clarified butter samples was well
modeled, with RMSEP = 7.25% of the mean and an R2 of 0.86. 

The regression coefficients of the major FA show that the
PLS regression uses the peaks that one might intuitively
choose from knowledge of the Raman spectrum of FA-based
lipids. Figure 3 shows the PLS regression coefficients for
16:0, 18:1c∆9, and 18:1t∆11, which are the major saturated,
cis-unsaturated, and trans-unsaturated FA. Also included is

10:0 as a representative of the short-chain FA. From the re-
gression coefficients it can readily be seen that the saturated
FA (10:0 and 16:0) have positive correlations with saturated
bands such as the ν(C–C)ip (1120 cm−1) and ν(C–C)op (1060
cm−1) bands (where op = out-of-plane and ip = in-plane), the
twist (1300 cm−1) bands, and scissor bands (1440 cm−1). The
saturated FA are negatively correlated with the unsaturated
band at 1260 cm−1 and to the gauche C–C stretching band at
1080 cm−1. The cis unsaturated FA show the opposite behav-
iour. 

Figure 4 shows the loadings from principal components
analyses of the GC data, which indicates that three groups of
FA are present in the butter samples. One group contains the
shorter-chain saturated FA from 4:0 to 16:0, along with
16:1c∆8 and 14:1c∆7, which are prevalent in native butter. A
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FIG. 3. PLS-1 regression coefficients used to predict the relative abundance of selected FA. For
abbreviation see Figure 2.



second group contains FA (18:0, 18:1c∆9, 18:1t∆9,
18:2t∆9,12, and 18:2c∆9,t∆11) that are more abundant either
in rapeseed oils or as a result of biohydrogenation of rapeseed
FA in the rumen. A third group, located near the origin, con-
tains minor FA whose abundance does not vary significantly
between rapeseed oil and butter. These three groups, of
course, reflect the unusual origin of these samples, which
means that the compositions of butters would be expected to
change in the same way, but to a different degree, in the vari-
ously treated groups. The cross-correlation obvious from Fig-
ure 4 would be expected to enhance the apparent ability of an-
alytical methods to predict minor FA that correlated with

more abundant FA. For example, 8:0 was well-modeled (R2 =
0.81, RMSEP 12.6% of the mean) despite constituting only
0.9% of the total FA. Of course, this apparent enhancement in
the prediction accuracy will occur only for samples that show
the same type of compositional variation as the calibration
set, and lower accuracy would be expected for a sample set
containing truly randomized FA. However, such a random-
ized data set rarely occurs naturally, and quality control (QC),
for example, is generally concerned with samples where the
abundances of the FA would be expected to be cross-corre-
lated to some degree. 

Finally, these observations should distract us from the
principal conclusion, which is that for all but one of the most
abundant FA (i.e., the 10 present at >1.5%), the RMSEP is
<10%, even in these very complex mixed samples. This is an
impressive result, considering the chemical similarity of the
compounds analyzed and the fact that no separation step was
used in the analytical procedure.

Bulk physical properties—PLS regression with solid fat con-
tent. Solid fat content is an important parameter in the food pro-
cessing industry as this parameter will influence a range of
properties in the final product. It is related to the spreadability
of butters and margarines, the functional properties of pastries,
and the physical properties of chocolate. Here we found that
the Raman and GC data both predicted the solid fat content of
lower-temperature samples better than higher-temperature
samples (see Table 3). This is not surprising since the effect of
the dietary modification was greater for the low-temperature
solid fat contents than the high-temperature determinations,
which has the consequence that the higher-temperature solid
fat content data do not have as large a range over which to cali-
brate. In addition, the physical behavior of the clarified butter
is extremely complex in the melting range, with low-m.p. TG
softening the sample by dissolving higher-m.p. TG. This is a
particular problem with clarified butter, which contains both
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FIG. 4. Loadings for principal components analysis of the relative abun-
dances of the FA in clarified butter samples as determined by GC.

TABLE 3
Prediction Correlation Coefficients and RMSEP for PLS Regression of Raman Data with GC Data with Measured Solid Fat
Content for Clarified Butterfat

RMSEP RMSEP No. of No. of
µa σb R2c RMSEPd % of µ % of 4σ factors outliers

Correlation of Raman spectroscopic data with solid fat content
SF5f 47.05 5.79 0.865 2.35 4.54 9.22 3 2
SF10 37.60 4.71 0.764 2.12 6.05 12.08 4 1
SF15 27.27 2.85 0.721 1.63 5.46 13.06 4 1
SF20 15.44 1.41 0.671 0.81 5.24 14.34 5 1
SF25 9.25 1.50 0.463 1.18 12.02 18.53 3 2

Correlation of GC data with solid fat content
SF5 47.05 5.79 0.884 1.97 4.19 8.50 5 5
SF10 37.60 4.71 0.901 1.83 4.87 7.96 5 5
SF15 27.27 2.85 0.750 1.42 5.22 12.47 5 5
SF20 15.44 1.41 0.692 0.79 5.12 13.97 5 5
SF25 9.25 1.50 0.613 0.94 10.19 15.68 5 5

aAverage % total mass of lipid.
bSD of the % total mass of lipid from the mean.
cLeast squares regression correlation coefficient (validation).
dRMSEP is quoted as a percentage of the mean (RMSEP % of µ) and sample range (RMSEP % of 4σ). For abbreviation see Table 2.
eSFX is the solid fat content at temperature X (°C).

 



low-m.p. (short-chain and polyunsaturated) FA and long-chain
saturated (high-m.p.) FA. The solid fat content prediction er-
rors were found to be marginally lower for the GC data than
the Raman data, but it should be noted that the Raman spectra
used for the predictions of solid fat content at the various tem-
peratures were all recorded at 55°C, where all the samples were
liquid. It should be possible to improve the prediction by
recording the spectra at lower temperatures since the spectra of
solid and liquid fats are quite different and should thus provide
additional information on physical state.

Figure 5 shows the regression coefficients used to deter-
mine the PLS regression of the Raman data (at 55°C) with
solid fat content at 15°C. The positive contributors to the cor-
relation are various peaks found in crystalline fats such as
1114, 1354, 1364, 1412, 1440, and 1486 cm−1. Unsaturated
peaks such as 1260 and 1660 have negative regression coeffi-
cients, as they reduce the m.p. of the lipids and thus raise the
liquid fat content at any given temperature in the melting

range. Peaks arising from disordered lipids such as the unre-
solved group of peaks at 800–950 cm−1, the C–C gauche
modes at 1028, 1071, and 1095 cm−1, and the twist mode at
1300 cm−1 contribute the other negative regression coeffi-
cients. 

Bulk chemical properties—PLS regression against compo-
sition parameters. One of the most important compositional
parameters used to characterize fats and lipids is the IV, but
other measures also give an indication of the composition of
a mixed sample from a single numerical value. Table 4 lists
measured (GC and IV) and predicted (Raman) values for a
range of these parameters.

Since most of the bulk properties were calculated from the
GC data, it is not surprising that these bulk properties have cor-
relation coefficients similar to those for the individual FA that
contribute most to that bulk property. The correlation for total
carbon is similar to the average correlation (both 0.80) for all
the FA present at >1%. For a number of reasons, unsaturation
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FIG. 5. PLS-1 regression coefficients used to predict the solid fat content of clarified butters
from their Raman spectra. For abbreviation see Figure 2.



(CH) is better modeled than saturation (CH2) (0.85 compared
to 0.75). First, the spectral response of one saturated bond (sum
of the relative areas of the total scissor, twist, and C–C regions)
is almost four times that of an unsaturated bond [sum of the rel-

ative areas of ν(C=C) and δ(=C–H), not including the effects
on scissor, twist, or C–C regions]. Second, some of the Raman
bands due to unsaturated bonds [ν(C=C) and δ(=C–H)] lie in
regions where there is no interference from saturated peaks,
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TABLE 4
Prediction Correlation Coefficients and RMSEP for PLS Regression of Raman Data with Bulk Parameters Derived from GC
and with Chemically Derived Iodine Value; Correlation of GC Profile with the Chemically Derived Iodine Value

RMSEP RMSEP No. of No. of
µa σb R2c RMSEPd % of µ % of 4σ factorse outliers

Correlation of Raman spectroscopic data with bulk parameters derived from GC
Total carbon 16.21 0.36 0.797 0.160 0.99 11.11 4 3
Saturation 13.28 0.24 0.750 0.119 0.90 12.39 5 2
Unsaturation 0.84 0.11 0.850 0.043 5.12 9.77 5 2
Cis 0.35 0.05 0.831 0.018 5.23 9.15 4 2
Trans 0.063 0.014 0.847 0.0052 8.21 9.23 6 2
C=C/C–C 0.027 0.003 0.849 0.0012 4.43 9.97 5 2

Correlation of Raman spectroscopic data and GC with iodine value
Raman 41.78 4.58 0.796 2.06 4.92 11.22 4 2
GC 41.78 4.78 0.511 3.21 7.68 17.52 3 0

aAverage % total mass of lipid.
bSD of the % total mass of lipid from the mean.
cLeast squares regression correlation coefficient (validation).
dRMSEP is quoted as a percentage of the mean (RMSEP % of µ) and sample range (RMSEP % of 4σ). For abbreviation see Table 2.
eRegression coefficients listed in Appendix F. 
fSFX is the solid fat content at temperature X (°C).

FIG. 6. PLS-1 regression coefficients used to predict selected bulk parameters of clarified butters from their Raman
spectra.



whereas the δ(CHx) and ν(C–C) regions contain contributions
from unsaturated bonds in the sample. In addition, in a previ-
ous study of the relationship between chemical structure of
FAME and their Raman spectra, we found that the saturated
FAME did not show smooth spectral changes with chemical
structure, whereas the unsaturated FAME did show a smooth
relationship (12). Finally, although the absolute errors for the
total carbon and the saturation are very low (<1%), the error
relative to the SD is much higher (10–12%), as the range of val-
ues is small relative to the magnitude of the average. 

The Raman data showed a significantly better correlation
with the chemically determined IV than did the GC (R2 =
0.80, compared to 0.51); the RMSEP from Raman (4.9% of
the mean) was also better than the 7.7% value from GC. How-
ever, the unsaturation parameter calculated from the GC (i.e.,
C=C/C–C) is a more meaningful number than the chemically
determined IV because they become nonlinear (19) with
polyunsaturation and conjugation. In this study, the dietary
modification increases the proportion of PUFA (particularly
18:2c∆9,12 and 18:3c∆9,12,15), and so would be expected to
lead to nonlinearity problems. However, the Raman data cor-
relate well with the GC unsaturation parameter (C=C/C–C,
R2 = 0.85) as well as the chemically determined IV and so can
provide whichever unsaturation parameter is required. 

As was the case for the determination of individual com-
ponents, the Raman regression coefficients for the bulk prop-
erties (see Fig. 6) make physical sense. For example, predic-
tion of total carbon includes contributions from both saturated
and unsaturated bands, whereas prediction of molar unsatura-
tion is positively correlated with unsaturated peaks and nega-
tively correlated to saturated peaks. Prediction of saturation
has no contribution from the unsaturated bands. 

Thus, Raman spectroscopy is surprisingly effective for
predicting the abundance of the major FA in clarified butter:
The predictive power compares very favorably with alterna-
tive spectroscopic techniques such as NIR and FTIR spec-
troscopy. Of particular interest is the ability of Raman spec-
troscopy to predict the proportion of CLA, which is believed
to be of relevance to health. Although the samples used in this
study were butters whose FA composition had been altered
by feeding the animals protected rapeseed oil, the method
should be equally effective for more routine samples. 

The accuracy in predicting the FA profile was also re-
flected in the ability to predict the bulk chemical parameters,
which are derived from the FA profile, and physical parame-
ters. For solid fat content, more work will be needed to im-
prove the prediction of the Raman method to the same level
as that of GC. This is not surprising as the physical state of
clarified butter depends not only on the FA composition but
also on a large range of other factors, including thermal his-
tory. Maintaining the samples above the m.p., as was done in
this study, eliminates the effect of thermal history. 

Finally, although Raman spectroscopy gives prediction errors
for the abundances of each of the FA in a given sample that are
good for a nondestructive spectroscopic method, the errors are
still much larger than with full GC analysis. However, Raman

spectra can be obtained with no sample preparation and with data
collection times of 60 s. Moreover, the accuracy of the Raman
method is acceptably high for QC applications because a com-
plete, detailed FA composition profile often is not required. For
example, the question of interest for QC is the extent to which a
sample has the desirable properties conferred by dietary modifi-
cation. Taken together, these properties make Raman methods
much more suitable than GC for QC of samples of this type. In-
deed more general, high-throughput, on-line analysis of clarified
butter samples should be possible, particularly since extension to
hydrated butter should be trivial because water gives a very low
Raman signal compared with lipids. 

REFERENCES

1. Fearon, A.M. (2001) Optimising Milkfat Composition and Pro-
cessing Properties, Austral. J. Dairy Technol. 56, 104–108.

2. Johnson, G.L., Machado, R.M., Freidl, K.G., Achenbach, M.L.,
Clark, P.J., and Reidy, S.K. (2002) Evaluation of Raman Spec-
troscopy for Determining cis and trans-Isomers in Partially Hy-
drogenated Soybean Oil, Org. Process Res. Dev. 6, 637–644.

3. Barthus, R.C., and Poppi, R.J. (2001). Determination of the
Total Unsaturation in Vegetable Oils by Fourier Transform
Raman Spectroscopy and Multivariate Calibration, Vib. Spec-
trosc. 26, 99–105.

4. Chmielarz, B., Bajdor, K., Labudzinska, A., and Klukowskama-
jewska, Z. (1995) Studies on the Double-Bond Positional Isom-
erization Process in Linseed Oil by UV, IR and Raman Spec-
troscopy, J. Mol. Struct. 348, 313–316.

5. Beattie, J.R., Bell, S.E.J., and Moss, B.W. (2000) Raman Stud-
ies of Lipid Structure and Composition, in XVII International
Conference on Raman Spectroscopy (Beattie, J.R., Bell, S.E.J.,
and Moss, B.W., eds.), pp. 708–709, John Wiley & Sons, Bei-
jing.

6. Muik, B., Lendl, B., Molina-Diaz, A., and Ayora-Canada, M.J.
(2003) Direct, Reagent-free Determination of Free Fatty Acid
Content in Olive Oil and Olives by Fourier Transform Raman
Spectrometry, Anal. Chim. Acta 487, 211–220.

7. Simpson, T.D., and Hagemann, J.W. (1982) Evidence of Two
β′ Phases in Tristearin, J. Am. Oil Chem. Soc. 59, 169–171.

8. Sato, T., Takahashi, M., and Matsunaga, R. (2002) Use Of NIR
Spectroscopy for Estimation of FA Composition of Soy Flour,
JAOCS J. Am. Oil Chem. Soc. 79, 535–537.

9. Velasco, L., Mollers, C., and Becker, H.C. (1999) Estimation of
Seed Weight, Oil Content and Fatty Acid Composition in Intact
Single Seeds of Rapeseed (Brassica napus L) by Near-Infrared
Reflectance Spectroscopy, Euphytica 106, 79–85.

10. Kohler, P., and Kallweit, E. (1999) Determination of Fatty Acid
Composition of Intramuscular Fat in Sheep by Near-Infrared
Transmission Spectroscopy (NIT) and Their Importance for the
Meat Production, Agribiol. Res.—Zeitschrift fur Agrarbiologie
Agrikulturchemie Okologie 52, 145–154.

11. Molette, C., Berzaghi, P., Zotte, A.D., Remignon, H., and Ba-
bile, R. (2001) The Use of Near-Infrared Reflectance Spec-
troscopy in the Prediction of the Chemical Composition of
Goose Fatty Liver, Poult. Sci. 80, 1625–1629.

12. Beattie, J.R., Bell, S.J., and Moss, B.W. (2004). A Critical Eval-
uation of Raman Spectroscopy for the Analysis of Lipids: Fatty
Acid Methyl Esters, Lipids 39, 407–419.

13. Oakes, R.E., Beattie, J.R., Moss, B., and Bell, S.E.J. (2002)
Conformations, Vibrational Frequencies and Raman Intensities
of Short Chain Fatty Acid Methyl Esters Using DFT with 6-31
G(d) and Sadlej pVTZ Basis Sets, J. Mol. Struct. 586, 91–110.

14. Oakes, R.E., Beattie, J.R., Moss, B.W., and Bell, S.E.J. (2003)

RAMAN SPECTROSCOPY OF BUTTER 905

Lipids, Vol. 39, no. 9 (2004)

 



DFT Studies of Long-Chain FAMES: Theoretical Justification
for Determining Chain Length and Unsaturation from Experi-
mental Raman Spectra, J. Mol. Struct.–Theochem. 626, 27–45.

15. Beattie, J.R., Bell, S.E.J., and Moss, B.W. (1999). Preliminary
Investigation on the Use of Raman Spectroscopy to Characterise
Adipose Tissue, in 45th International Congress of Meat Science
and Technology, (Beattie, J.R., Bell, S.E.J., and Moss, B.W.,
eds.) Vol. 2, pp. 668–669, Yokohama, Japan.

16. Fearon, A.M., Mayne, C.S., Beattie, J.A.M., and Bruce, D.W.
(2004) Effect of Level of Oil Inclusion in the Diet of Dairy
Cows at Pasture on Animal Performance and Milk Composition
and Properties, J. Sci. Food Agric. 84, 497–504.

17. Princeton (1993) CSMA, 2.3a ed., Princeton Instruments.
18. AOCS, Iodine Value of Fats and Oils Cyclohexane Method, in

Official Methods and Recommended Practices of the American
Oil Chemists’ Society, 4th edn., American Oil Chemists’ Soci-
ety, Champaign, 1990, Method Cd 1b-87.

19. Pearson, D. (1970) Chemical Analysis of Food, J&A Churchill,
London, p. 510.

20. Sadeghi-Jorabchi, H., Hendra, P.J., Wilson, R.H., and Belton,
P.S. (1990) Determination of the Total Unsaturation in Oils and
Fats by Fourier Transform Raman Spectroscopy, J. Am. Oil
Chem. Soc. 67, 483–486.

21. Butler, M., Salem, N., Hoss, W., and Spoonhower, J. (1979)
Raman Spectral Analysis of the 1300 cm−1 Region for Lipid and
Membrane Studies, Chem. Phys. Lipids 29, 99–102.

22. Snyder, R.G., Cameron, D.G., Casal, H.L., Compton, D.A.C.,
and Mantsch, H.H. (1982) Studies on Determining Conforma-
tional Order in N-Alkanes and Phospholipids from the 1130 cm−1

Raman Band, Biochim. Biophys. Acta. 684, 111–116.
23. Lawson, E.E., Anigbogu, A.N.C., Williams, A.C., Barry, B.W.,

and Edwards, H.G.M. (1998) Thermally Induced Molecular Dis-
order in Human Stratum Corneum Lipids Compared with a
Model Phospholipid System: FT-Raman Spectroscopy, Spec-
trochim. Acta Part A: Mol. Biomol. Spectrosc. 54, 543–558.

24. Susi, H., Sampugna, J., Hampson, J.W., and Ard, J.S. (1979)
Laser-Raman Investigation of Phospholipid–Polypeptide Inter-
actions in Model Membranes, Biochemistry 18, 297–301.

25. Kint, S., Wermer, P.H., and Scherer, J.R. (1992) Raman Spectra
of Hydrated Phospholipid Bilayers. 2. Water and Headgroup In-
teractions, J. Phys. Chem. 96, 446–452.

[Received July 23, 2004; accepted October 18, 2004]

906 J. RENWICK BEATTIE ET AL.

Lipids, Vol. 39, no. 9 (2004)

 



ABSTRACT:  Novel ceramides, rel-(3S,4S,5S)-3-[(2R)-2-hydroxy-
cosanoyl~hexacosanoylamino]-4-hydroxy-5-[(4Z)-tetradecane-
4-ene]-2,3,4,5-tetrahydrofuran (1a–g), and a new glucocer-
amide, 1-O-β-D-glucopyranosyl-(2S,3S,4R,8E)-2-[(2R)-2-hy-
droxytetracosanoylamino]-1,3,4-octodecanetriol-8-ene (2) were
isolated from the aqueous ethanolic extract of the roots of In-
carvillea arguta, together with eight known compounds: β-sitos-
terol (3), oleanolic acid (4), ursolic acid (5), piperin (6), maslinic
acid (7), β-sitosterol 6′-O-acyl-β-D-glucopyranoside (8), 8-epi-
deoxyloganic acid (9), and plantarenaloside (10). Their struc-
tures were elucidated on the basis of spectral data including IR,
MS, NMR [1H NMR, 13C NMR (distortionless enhancement by
polarization transfer), 1H-1H COSY, heteronuclear multiple-
quantum coherence, and heteronuclear multiple-bond coher-
ence correlations]. The relative configurations were established
by nuclear Overhauser effect spectroscopy experiments and by
comparison of the NMR spectral data and coupling constants
with those already reported in the literature.

Paper no. L9529 in Lipids 39, 907–913 (September 2004).

The genus Incarvillea (Bignoniaceae) is widely distributed
over southwest China. Plants of this genus are used in Chi-
nese folk medicine to treat rheumatism and to relieve pain (1).
Previous chemical investigation of this genus led to the isola-
tion of alkaloids with antinociceptive activity from I. sinensis
and I. delavayi (2–13), iridoids and their glycosides (14,15)
from I. olgae, and a novel monoterpene glycoside (dissectol
A) from I. dissectifoliola (16,17). A bacteriostatic compound,
argutone, together with ursolic acid and hentriacontane, was
isolated from I. arguta, which is used to treat hepatitis and in-
fectious diseases (18,19). 

Sphingolipids are ubiquitous constituents of eukaryotic
cells and have been intensively investigated in mammals and
yeast for decades. However, the biochemical aspects of sphin-
golipids in plants have been explored only recently (20).
Sphingolipids are essential not only as structural components
of cell membranes but also as key players in different physio-

logical and pathophysiological cellular events such as regu-
lating the proliferation, survival, and death of cells (21,22).
Plant glucosylceramides are also important structural compo-
nents of plasma and vacuole membranes. In the last few
years, progress has been made in the cloning of plant genes
coding for enzymes involved in sphingolipid metabolism. As
found in yeast and mammals, the plant sphingolipid pathway
is a potential generator of powerful cell signals (23). Cer-
amide, generated by the action of acid sphingomyelinase, has
emerged as a biochemical mediator of stimuli as diverse as
ionizing radiation, chemotherapy, heat, and reperfusion in-
jury as well as infection with some pathogenic bacteria and
viruses. The manipulation of ceramide metabolites and/or the
function of ceramide-enriched membrane platforms may pre-
sent novel therapeutic opportunities for the treatment of can-
cer, degenerative disorders, pathogenic infections, or cardio-
vascular diseases (24). 

Herein we report the isolation and structure elucidation of
novel 1,4-dehydrated ceramides, rel-(3S,4S,5S)-3-[(2R)-2-
hydroxycosanoyl~hexacosanoylamino]-4-hydroxy-5-[(4Z)-
tetradecane-4-ene]-2,3,4,5-tetrahydrofuran (1a–g), a new glu-
coceramide,1-O-β-D-glucopyranosyl-(2S,3S,4R,8E)-2-[(2R)-
2-hydroxytetracosanoylamino]-1,3,4-octodecanetriol-8-ene
(2), and eight known compounds: β-sitosterol (3), oleanolic
acid (4), ursolic acid (5), piperin (6), maslinic acid (7), β-
sitosterol 6′-O-acyl-β-D-glucopyranoside (8), 8-epideoxylo-
ganic acid (9), and plantarenaloside (10) from the aqueous
ethanolic extract of roots of I. arguta.

EXPERIMENTAL PROCEDURES

Instrumentation. Melting points were recorded on an XRC-1
apparatus (Sichuan University Scientific Instrument Factory,
Sichuan University, People’s Republic of China) and are uncor-
rected. Optical rotations were measured with a PerkinElmer 341
automatic polarimeter (Beaconsfield, United Kingdom). IR
spectra were recorded on a PerkinElmer Spectrum One spec-
trometer. NMR spectra [1H, 13C distortionless enhancement by
polarization transfer (DEPT), 1H-1H COSY, heteronuclear mul-
tiple-quantum coherence (HMQC), heteronuclear multiple-
bond coherence (HMBC), and nuclear Overhauser effect spec-
troscopy (NOESY) experiments] were obtained on a Bruker
Avance 500 (Bruker, Rheinstetten, Germany) at 500 MHz for
1H NMR and at 125 MHz for 13C NMR. Chemical shifts (δ) are
given in parts per million (ppm) relative to tetramethylsilane as
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internal standard and coupling constants in hertz (Hz). FABMS
was carried out on a VG AutoSpec-3000 (glycerol as matrix;
VG, Manchester, England). High-resolution atmospheric pres-
sure chemical ionization mass spectra (HRAPCIMS) were ob-
tained on a Bruker FTMS APEX3 mass spectrometer. Spots on
TLC plates were visualized by spraying with Dragendorff’s
reagent and by spraying with 8% phosphomolybdic acid/etha-
nol solution followed by heating.

Materials. Silica gel for column chromatography (CC)
(200–300 mesh) and for TLC plates (10–40 µm) was purchased
from Qingdao Marine Chemical Ltd. (Qingdao, People’s Re-
public of China). 

The roots of I. arguta were collected from Mengwen County,
Sichuan Province, People’s Republic of China, in August 1998
and identified by Professor Shunchang Xiao (Chengdu Institute
of Biology, the Chinese Academy of Sciences). A voucher spec-
imen (Y-98-004) is deposited at the Herbarium of Chengdu In-
stitute of Biology, the Chinese Academy of Sciences (Chengdu
610041, People’s Republic of China).

Extraction and isolation. The dried and powdered roots
(2.2 kg) were soaked with 95% EtOH (10 L × 3) at room tem-
perature. After removing solvent under reduced pressure, the
residue was successively partitioned between H2O and
EtOAc, and then partitioned between H2O and n-BuOH, to
provide an ethyl acetate-soluble fraction (22 g), and the n-
BuOH extract, respectively. The EtOAc-soluble fraction was
divided into eight fractions (Fr. 1–8) by CC using gradient

elution with CHCl3/MeOH (10:0–10:3, vol/vol). Fr. 3 was
further separated by CC by elution with petroleum ether (b.p.
60–90°C)/EtOAc (10:2, vol/vol) to yield compounds 3 (57
mg), 4 (39 mg), and 5 (46 mg). Compound 6 (30 mg) was
crystallized from the petroleum ether/EtOAc (1:1, vol/vol)
solution of fraction (Fr. 4). Compounds 1a–g (6 mg), 7 (23
mg), and 8 (25 mg) were obtained from Fr. 5 by CC by elu-
tion with CHCl3/MeOH (10:0.5, vol/vol). The n-BuOH ex-
tract (35 g) was separated on a silica gel column eluted with
the lower layer of CHCl3/MeOH/H2O (13:6:2, by vol) and
further separated by reversed-phase chromatography (C-18)
eluted with MeOH/H2O (1:1, vol/vol) to yield compounds 2
(8 mg), 9 (41 mg), and 10 (28 mg).

rel-(3S,4S,5S)-3-[(2R)-2-Hydroxycosanoyl~hexacosanoyl-
amino]-4-hydroxy-5-[(4Z)-tetradecane-4-ene]-2,3,4,5-tetra-
hydrofuran (1a–g). White powder; m.p. 202–204°C,[α]20

D +9.2°
[c 0.1, CHCl3/MeOH (1:1, vol/vol)]. IR νKBr

max (cm–1): 3392
(OH), 2924, 2854, 1643 and 1535 (C=O of amide), 1469,
1378, 1260, 1167, 1079, 1037, and 719. 1H and 13C NMR
data, see Table 1. FABMS (positive ion mode) m/z (rel. int.):
692 ([Mg + H]+, 10), 678 ([Mf + H]+, 40), 664 ([Me + H]+,
100), 650 ([Md + H]+, 60), 636 ([Mc + H]+, 50), 622 ([Mb +
H]+, 10) and 608 ([Ma + H]+, 5), 397 ([Mg – sphingoid moi-
ety + 2H]+, 80), 383 ([Mf – sphingoid moiety + 2H]+, 20),
369 ([Me – sphingoid moiety + 2H]+, 20), 355 ([Md – sphin-
goid moiety+ 2H]+, 30), 341 ([Mc – sphingoid moiety +
2H]+, 30), 327 ([Mb – sphingoid moiety + 2H]+, 55), 313
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TABLE 1  
NMR Spectral Data of Compounds 1a–g in C5D5N

No.a δH
b,c δC

b,c 1H-1H COSY HMBC NOESY

2 4.51 (1H, dd, J = 15.0, 8.0 Hz) 71.6 (t) H-3 C-3, C-4, C-5 H-3
3.92 (1H, dd, J = 15.0, 7.5 Hz)

3 4.77 (1H, m) 51.8 (d) H-2, H-4 C-1′, C-5 H-2, H-4
4 4.30 (1H, dd, J = 6.5, 4.0 Hz) 74.6 (d) H-3, H-5 C-2, C-3, C-5, C-1′′ H-3, H-5
5 4.13 (1H, dt, J = 7.0, 5.0 Hz) 86.0 (d) H-4, H-1′′ C-4, C-2′′ H-4
1′′ 1.98 (1H, m) 33.8 (t) H-5, H-2′′ C-2′′

2.22 (1H, m)
2′′ 1.97 (1H, m) 26.4 (t) H-1′′, H-3′′

2.03 (1H, m)
3′′ 1.99 (1H, m) 32.8 (t)* H-2′′, H-4′′

2.13 (1H, m)
4′′ 5.45 (1H, dt, J = 5.5, 2.5 Hz) 130.3 (d)** H-3′′, H-5′′ C-2′′, C-3′′, C-5′′
5′′ 5.44 (1H, dt, J = 5.5, 2.5 Hz) 131.0 (d)** H-4′′, H-6′′ C-3′′, C-4′′, C-6′′
6′′ 2.00 (1H, m) 32.9 (t)* H-5′′ C-4′′, C-5′′

2.19 (1H, m)
7′′-13′′ and 5′-25′ 1.21–1.32 (about 60 H, m) 22.9, 29.5–30.0, 32.1
14′′ 0.84 (3H, t, J = 6.5 Hz) 14.3 (q)
-NH 8.49 (1H, d, J = 7.5 Hz) H-3 C-3, C-4, C-1′ H-3
1′ 175.5 (s)
2′ 4.63 (1H, dd, J = 7.5, 3.5 Hz) 72.5 (d) H-3′ C-1′, C-3′, C-4′
3′ 1.99 (1H, m) 35.6 (t) H-2′, H-4′

2.15 (1H, m)
4′ 1.96 (2H, m) 25.8 (t) H-3′
26′ 0.83 (3H, t, J = 6.5 Hz) 14.3 (q)
aNumbers correspond to atoms in Figure 1.
bSignals were assigned by heteronuclear multiple-quantum coherence (HMQC), heteronuclear multiple-bond coherence (HMBC), and 1H-1H COSY experi-
ments. *,** Signals having the same superscript could be interchangeable.
cMultiplicity was determined by distortionless enhancement by polarization transfer (DEPT); NOESY, nuclear Overhauser effect spectroscopy.



([Ma — sphingoid moiety + 2H]+, 26), 298 ([sphingoid moi-
ety + 2H]+, 10), 207, 177, and 147.

1-O-β-D-Glucopyranosyl-(2S,3S,4R,8E)-2-[(2R)-2-hydroxy-
tetracosanoylamino]-1,3,4-octodecanetriol-8-ene (2). White
powder; m.p. 203–205°C, [α]20

D + 12.7° [c 0.1, CHCl3/MeOH
(1:1, vol/vol)]. IR νKBr

max (cm–1): 3350 (–OH), 2920, 2851, 1624
and 1537 (C=O of amide), 1468, 1433, 1113, 1082, 1038, and
964. 1H and 13C NMR data, see Table 2. HRAPCIMS (positive
ion mode) m/z: 867.6810 (C48H94NO10Na, required for
867.6775, 3.4561 mDa error, 3.9831 ppm error). FABMS
(positive ion mode) m/z (rel. int.): 844 ([M + H]+, 35), 682
([M – Glc + H]+, 10), 478 ([M – Clc − FA moiety + 2H)+, 5),
317 ([M – FA moiety + 2H)+, 100), 299 ([sphingoid moiety +
H]+, 35), and 167 ([CH3(CH2)7 CH2CH=CHCH2]+, 5).

RESULTS AND DISCUSSION

Compounds 1a–g were obtained as a white powder. On TLC
plates they appeared orange when reacted with Dragendorff’s
reagent. The FABMS (positive ion mode) of compounds 1a–g
showed seven quasi-molecular ion peaks that were 14 amu apart
(m/z 692, 678, 664, 650, 636, 622, and 608, corresponding to

C38H73NO4 + n CH2, n = 0–7), which suggested that 1a–g was
a mixture of homologs. The IR peak at 3392 cm–1 suggested
the presence of hydroxyl groups. A secondary amide carbonyl
group was deduced from the IR absorption at 1643 and 1535
cm–1 and the 13C NMR signals (Table 1) at δ 175.5 (s, C-1′).
The 1H NMR signal (Table 1) at δ 8.49 (1 H, d, J = 7.5 Hz) sug-
gested an amino group. A Z-disubstituted double bond was es-
tablished by the 1H NMR signals (Table 1) at δ 5.45 and 5.44
(each 1 H, dt, J = 5.5, 2.5 Hz, H-4′′ and H-5′′). The 13C NMR
signals (Table 1) at δ 86.0 (d, C-5), 74.6 (d, C-4), 72.5 (d, C-2′),
and 71.6 (t, C-2) suggested the presence of four oxygenated car-
bons, which was confirmed by the HMQC correlations between
δ 4.13 (1 H, dt, J = 7.0, 5.0 Hz) and 86.0 (d), between 4.30 (1 H,
dd, J = 6.5, 4.0 Hz) and 74.6 (d), between 4.63 (1 H, dd, J = 7.5,
3.5 Hz) and 72.5 (d) and between 4.51 (1 H, dd, J = 15.0, 8.0
Hz), and 3.92 (1 H, dd, J = 15.0, 7.5 Hz) and 71.6 (t). The 13C
NMR signal (Table 1) at δ 51.8 should be assigned to the carbon
atom substituted by a nitrogen atom considering the HMQC
cross signal at δ 4.77 (1 H, m)/51.8 (d, C-3). The presence of
methyl groups and long aliphatic chain was concluded from the
1H NMR signals (Table 1) at δ 0.84 and 0.83 (each 3 H, t, J =
6.5 Hz) and 1.21–1.32 (about 60 H, m) and the 13C NMR signals
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TABLE 2  
NMR Spectral Data of Compound 2 in C5D5N

No.a δH
b,c δC

b,c 1H-1H COSY HMBC 

1 4.69 (1H, dd, J = 10.2, 6.6 Hz) 70.5 (t) H-2 C-2, C-3, C-1′′
4.52 (1H, dd, J = 10.2, 6.6 Hz)

2 5.27 (1H, m) 51.9 (d) H-1, H-3 C-1, C-3
3 4.28 (1H, t, J = 5.2 Hz) 76.0 (d) H-2, H-4 C-1, C-2, C-4, C-5
4 4.18 (1H, m) 72.5 (d) H-3, H-5 C-3, C-6
5 1.99 (1H, m) 33.9 (t) H-4, H-6 C-6

2.18 (1H, m)
6 1.96 (1H, m) 26.8 (t) H-5, H-7

2.05 (1H, m)
7 1.99 (1H, m) 33.0 (t)* H-6, H-8

2.15 (1H, m)
8 5.52 (1H, dt, J =16.0, 6.0 Hz ) 130.7 (d)** H-7, H-9 C-6, C-7, C-9
9 5.47 (1H, dt, J =16.0, 6.0 Hz ) 130.9 (d)** H-8, H-10 C-7, C-8, C-10
10 2.06 (1H, m) 33.3 (t)* H-9 C-8, C-9

2.16 (1H, m)
11-17 and 5′-23′ 1.23–1.30 (about 52H, m) 22.9, 29.6–30.0, 32.1
18 0.84 (3H, t, J = 6.6 Hz) 14.3 (q)
–NH 8.54 (1H, d, J = 8.8 Hz) H-2 C-2, C-1′
1′ 175.6 (s)
2′ 4.55 (1H, dd, J = 7.2, 3.6 Hz) 72.5 (d) H-3′ C-1′, C-3′, C-4′
3′ 1.99 (1H, m) 35.6 (t) H-2′, H-4′

2.15 (1H, m)
4′ 1.96 (2H, m) 25.9 (t) H-3′
24′ 0.83 (3H, t, J = 7.3 Hz) 14.3 (q)
1′′ 4.94 (1H, d, J = 7.2 Hz) 105.6 (d) H-2′′ C-1, C-3′′
2′′ 3.98 (1H, t, J = 7.8 Hz) 75.2 (d) H-1′′, H-3′′ C-1′′, C-3′′
3′′ 3.85 (1H, brs) 78.5 (d) H-2′′, H-4′′ C-2′′, C-4′′
4′′ 4.16 (1H, m) 71.6 (d) H-3′′, H-5′′ C-2′′, C-3′′
5′′ 4.16 (1H, m) 78.5 (d) H-4′′, H-6′′ C-3′′, C-6′′
6′′ 4.31 (1H, dd, J = 12.8, 6.5 Hz) 62.8 (t) H-5′′ C-5′′

4.46 (1H, d, J = 12.8 Hz)
aNumbers correspond to atoms in Figure 1.
bSignals were assigned by HMQC, HMBC, and 1H-1H COSY experiments. *,** Signals having the same superscript could be interchangeable.
cMultiplicity was determined by DEPT. For abbreviations see Table 1.
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1a, m = 14
1b, m = 15
1c, m = 16
1d, m = 17
1e, m = 18
1f, m = 19
1g, m = 20

2 m = 7, n = 18

FIG. 1. The structures of compounds 1a–g and 2.

FIG. 2. The key heteronuclear multiple-bond coherence (HMBC) and nuclear Overhauser effect spectroscopy
(NOESY) correlations of compounds 1a–g.

1a, m = 14
1b, m = 15
1c, m = 16
1d, m = 17
1e, m = 18
1f, m = 19
1g, m = 20



at δ 14.3 (q), and 29.5–30.0, respectively. The spectral data just
discussed suggest that compounds 1a–g should be ceramides
possessing a 2-hydroxy fatty acyl moiety (Fig. 1).

Skeleton structure A was deduced from the 1H-1H COSY,
HMQC, and HMBC correlations (Fig. 2, Table 1). C-2 and
C-5 should be connected via an ether bond considering the
key HMBC correlation between δ 4.51 (1 H, dd, J = 15.0, 8.0
Hz, Ha-2) and 86.0 (d, C-5) and the HMQC cross signal at δ
4.13 (1 H, dt, J = 7.0, 5.0 Hz )/86.0 (d, C-5) (Fig. 2), which
suggested that compounds 1a–g should be novel 1,4-dehy-
drated ceramides (Fig. 1). The Z-double bond was unambigu-
ously assigned at C-4′′ and C-5′′ by 1H-1H COSY, HMQC,
and HMBC correlations (Fig. 2).

The sphingoid base, 1,4-dehydrated 2-amino-1,3,4-trihy-
droxy-octadecane-8-ene (2-amino-4-hydroxy-5-[(4Z)-tetra-
decane-4-ene]-2,3,4,5-tetrahydrofuran) was postulated from
the characteristic fragment ion peaks at m/z 298 (Fig. 3) (25).
The ion peaks at m/z 397 ([Mg – sphingoid moiety + 2H]+),
383 ([Mf – sphingoid moiety + 2H]+), 369 ([Me – sphingoid
moiety + 2H]+), 355 ([Md – sphingoid moiety + 2H]+), 341
([Mc – sphingoid moiety + 2H]+), 327 ([Mb – sphingoid moi-
ety + 2H]+), and 313 ([Ma – sphingoid moiety + 2H]+) sug-
gested that m is 14–20 (Fig. 3).

The relative configurations of C-3, -4, and -5 were pre-
sumed as S, S, and S, respectively, which was confirmed from
the NOESY cross signals (Table 1) between H-2 and H-3, be-
tween H-3 and H-4, between H-4 and H-5, and between –NH–
and H-3 and by the coupling constants for those cis-protons
(J < 7.2 Hz) at tetrahydrofuran (for trans-protons, J > 7.2 Hz)
(26,27). The relative configuration of C-2′ was determined to
be R by comparing the chemical shift and coupling constants
of H-2′ with previously reported data (28–30). Thus, com-
pounds 1a–g could be elucidated as rel-(3S,4S,5S)-3-[(2R)-2-
hydroxycosanoyl~hexacosanoylamino]-4-hydroxy-5-[(4Z)-
tetradecane-4-ene]-2,3,4,5-tetrahydrofuran (Fig. 1). The com-
plete assignments of proton and carbon signals (Table 1) were
achieved by 1H-1H COSY, HMQC, and HMBC correlations.

Compound 2 was obtained as a white powder. The orange
color on TLC with Dragendorff’s reagent and the quasi-mo-
lecular ion peak at m/z 844 ([M + H]+) in the FABMS (posi-

tive ion mode) suggested the presence of an odd nitrogen
atom. The molecular formula C48H94NO10Na was calculated
from the quasi-molecular ion peak at m/z 867.6810 in the
HRAPCIMS of 2. The ion peak at m/z 682 ([M + H – Glc]+)
and the six 13C NMR signals (Table 2) at δ 105.6 (d, C-1′′),
75.2 (d, C-2′′), 78.5 (d, C-3′′), 71.6 (d, C-4′′), 78.5 (d, C-5′′),
and 62.8 (t, C-6′′) indicated the presence of a glucosyl moi-
ety, which was confirmed by hydrolyzing 2 in 10% HCl
(aqueous) solution. The 1H NMR signal (Table 2) at δ 4.94 (1
H, d, J = 7.2 Hz, H-1′′) showed that it is the β-D-glucopyra-
nosyl moiety. A secondary amide carbonyl group was de-
duced from the IR absorptions at 1624 and 1537 cm–1 and the
13C NMR signal (Table 2) at δ 175.6 (s, C-1′). The 1H NMR
signal (Table 2) at δ 8.54 (1 H, d, J = 8.8 Hz) suggested an
amino group. An E-disubstituted double bond was established
by the 1H NMR signals (Table 2) at δ 5.52 and 5.47 (each 1
H, dt, J = 16.0, 6.0 Hz, H-8 and H-9) and the IR absorption
peak at 964 cm–1 (25). The 13C NMR signals (Table 2) at δ
70.5 (t, C-1), 76.0 (d, C-3), and 72.5 (d, C-2′) suggested three
oxygenated carbons. The 13C NMR signal (Table 2) at δ 51.9
should be assigned to the carbon atom substituted by a nitro-
gen atom considering the HMQC cross-signal at δ 5.27 (1 H,
m)/51.9 (d, C-2). The presence of methyl groups and a long-
chain alkyl moiety was concluded from the 1H NMR signals
(Table 2) at δ 0.84 and 0.83 (each 3 H, t, J = 6.6 Hz) and 1.23–
1.30 (about 52 H, m). Thus, compound 2 should be a gluco-
ceramide.

The structure of compound 2 was concluded from the 1H-1H
COSY, HMBC, and HMQC correlations (Table 2, Fig.  4). The
ion peaks at m/z 478 ([M – FA moiety + 2H]+) and 317 ([M
– Glc – FA + H]+) in the FABMS of compound 2 suggested that
the FA chain is 2-hydroxytetracosanoyl. The sphingoid base, 2-
amino-1,3,4-trihydroxy-octadecane-8-ene, was determined by
the characteristic fragment ion peaks at m/z 299 ([sphingoid
moiety + H]+) and 167 ([CH3(CH2)7CH2CH=CH-CH2]

+) (25).
The stereochemistry of C-2, -3, -4, and -2′ were determined

to be S, S, R, and R, respectively, by comparing the 13C NMR
data and the optical rotation with those of compounds 11 and 12
(Table 3, Fig. 4) (30,31). The chemical shifts and the coupling
constants of H-1, H-2, H-3, H-4, and H-2′ were in good agree-
ment with those of the natural ceramide (31), supporting the
above conclusion. Thus, the structure of 2 was determined as 1-
O-β-D-glucopyranosyl-(2S,3S,4R,8E)-2-[(2R)-2-hydroxy-tetra-
cosanoylamino]-1,3,4-octodecanetriol-8-ene (Fig. 1).

Recent studies show that various sphingolipids are being
viewed as bioactive molecular and/or second messengers in dif-
ferent signal transduction pathways. In general, ceramides be-
have as pro-apoptotic mediators and mediate the death signal
initiated by numerous stress agents, which either stimulate its de
novo synthesis or activate sphingomyelinases that release cer-
amide from sphingomyelin (32–34). Ceramide itself produces
apoptosis, but metabolic conversion of ceramide into either
sphingosine 1-phosphate or glucosphingolipids leads to cell pro-
liferation. The balance between these two aspects is missing in
cancer cells, and yet intervention by stimulating or blocking only
one or two of the pathways in a ceramide metabolite is very likely
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Sphingoid moiety
m/z 298

Fatty acid moiety
m/z 397, 383, 369, 355, 341, 327, 313

m = 14–20

FIG. 3. The proposed fragmentation in the FABMS of compounds 1a–g.



to fail. This may lead to the development of practical
chemotherapy for cancer and other diseases of excess prolif-
eration (35). Thus, those novel ceramides and glucoceramide
may be the active components to treat hepatitis and infectious
diseases.

The known compounds, piperin (6) (36), maslinic acid (7)
(37), β-sitosterol 6′-O-acyl-β-D-glucopyranoside (8) (38), 8-
epideoxyloganic acid (9) (39), and plantarenaloside (10) (40)
were identified by their spectral data and by comparing their
spectral data with those reported. β-Sitosterol (3), oleanolic
acid (4), and ursolic acid (5) were identified by their spectral
data and by co-TLC with authentic samples.
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FIG. 4. The key HMBC and 1H-1H COSY correlations of compound 2, and the structures and the optical rotations
of compounds 11 and 12.

A R1 = R3 = H, R2   = R4 = OH, [α]D = +8.0
B R1 = R4 = H, R2   = R3 = OH, [α]D = +9.3
C R1 = R4 = OH, R2 = R3 = OH, [α]D = –4.5
D R1 = R3 = OH, R2 = R4 = OH, [α]D = +5.7

TABLE 3
13C NMR Chemical Shifts (δ values) of Compounds 2, 11, and 12 in
C5D5Na

C 2 1131 12A30 12B30 12C30 12D30

1 (t) 70.5 70.5 70.3 70.3 70.9 70.7
2 (d) 51.9 51.7 51.6 52.2 50.4 50.5
3 (d) 76.0 75.8 75.8 75.2 75.2 75.2
4 (d) 72.5 72.4 72.6 73.0 73.3 72.5
=CH(d) 130.7 130.3 — — — —
=CH(d) 130.9 130.1 — — — —
1′ (s) 175.6 175.7 175.6 177.1 175.3 176.6
2′ (d) 72.5 72.4 72.6 72.3 72.5 71.6
CH3 (q) 14.3 14.3 14.3 14.3 14.3 14.3
aSuperscripts on column heads refer to reference numbers.

m = 9, n =18

m = 7, n =18

m = 11, n =10



REFERENCES

1. Jiangsu New Medical College (1995) Dictionary of Traditional
Chinese Medicine, pp. 2343, and 2437, Shanghai Science and
Technology Press, Shanghai. 

2. Chi, Y.M., Yan, W.M., and Li, J.S. (1990) An Alkaloid from In-
carvillea sinensis, Phytochemistry 29, 2376–2378.

3. Chi, Y.M., Yan, W.M., Chen, D.C., Hiroshi, N., Yoichi, I., and
Ushio, S. (1992) A Monoterpene Alkaloid from Incarvillea
sinensis, Phytochemistry 31, 2930–2932.

4. Chi, Y.M., Hashimoto, F., Yan W.M., and Nohara, T. (1995) In-
carvine A, a Monoterpene Alkaloid from Incarvillea sinensis,
Phytochemistry 40, 353–354.

5. Chi, Y.M., Hashimoto, F., Yan, W.M., and Nohara, T. (1995)
Two Alkaloids from Incarvillea sinensis, Phytochemistry 39,
1485–1487.

6. Chi, Y.M., Hashimoto, F., Yan, W.M., Nohara, T., Yamashita,
M., and Marubayashi, N. (1997) Monoterpene Alkaloids from
Incarvillea sinensis. VI. Absolute Stereochemistry of Incar-
villine and Structure of a New Alkaloid, Hydroxyincarvilline,
Chem. Pharm. Bull. 45, 495–498.

7. Chi, Y.M., Hashimoto, F., Yan, W.M., and Nohara, T. (1997)
Five Novel Macrocyclic Spermine Alkaloids from Incarvillea
sinensis, Tetrahedron Lett. 38, 2713–2716.

8. Chi, Y.M., Hashimoto, F., Yan, W.M., and Nohara, T. (1997)
Four Monoterpene Alkaloid Derivatives from Incarvillea sinen-
sis, Phytochemistry 46, 763-769.

9. Nakamura, M., Chi, Y.M., Yan, W.M., Nakasugi, Y.,
Yoshizawa, T., Irino, N., Hashimoto, F., Kinjo, J., Nohara, T.,
and Sakurada, S. (1999) Strong Antinociceptive Effect of Incar-
villateine, a Novel Monoterpene Alkaloid from Incarvillea
sinensis, J. Nat. Prod. 62, 1293–1294.

10. Nakamura, M., Chi, Y.M., Kinjo, J., Yan, W.M., and Nohara, T.
(1999) Two Monoterpene Alkaloidal Derivatives from Incarvil-
lea sinensis, Phytochemistry 51, 595–597.

11. Nakamura, M., Kido, K., Kinjo, J., and Nohara, T. (2000) Anti-
nociceptive Substances from Incarvillea delavayi, Phytochem-
istry 53, 253–256.

12. Nakamura, M., Kido, K., Kinjo, J., and Nohara, T. (2000) Two
Novel Actinidine-type Monoterpene Alkaloids from Incarvillea
delavayi, Chem. Pharm. Bull. 48, 1826–1827.

13. Nakamura, M., Chi, Y.M., Yan, W.M., Yonezawa, A., Naka-
sugi, Y., Yoshizawa, T., Hashimoto, F., Kinjo, J., Nohara, T.,
and Sakurada, S. (2001) Structure–Antinociceptive Activity
Studies of Incarvillateine, a Monoterpene Alkaloid from Incar-
villea sinensis, Planta Med. 67, 114–117.

14. Maksudov, M.S., Umarova, R.U., Tashkhodzhaev, B., Saatov, Z.,
and Abdullaev, N.D. (1995) Iridoid Glycosides of the Genus In-
carvillea. I. 7-O-Benzoyltecomoside, Khim. Prir. Soedin, 61– 69.

15. Maksudov, M.S., Faskhutdinov, M.F., Umarova, R.U., and Saa-
tov, Z. (1995) Iridoids of Incarvillea olgae and Dadartia orien-
talis, Khim. Prir. Soedin. 751–752.

16. Chen, W., Shen, Y.M., and Xu, J.C. (2003) Dissectol A, a Novel
Monoterpene Glycoside from Incarvillea dissectifoliola, Chin.
Chem. Lett. 14, 385–388.

17. Chen, W., Shen, Y.M., and Xu, J.C. (2003) Dissectol A, an Un-
usual Monoterpene Glycoside from Incarvillea dissectifoliola,
Planta Med. 69, 579–582.

18. Yang, M.K., Tang, Y.S., Cai, L.M., Xie, J.X., Shen, F.C., Lin,
X.Y., and Zheng, Q.T. (1987) The Isolation and Structure of
Argutone, a New Bacteriostatic Constituent of Incarvillea
arguta, Yaoxue Xuebao 22, 711–715.

19. Yang, M.K., Tang, Y.S., Liao, R.H., Huang, Z.M., Ran, C.X.,
Yang, Q.L., and Cai, L.M. (1981) Studies on the Chemical Con-
stituents of Incarvillea arguta, Zhongcaoyao 12, 489–490.

20. Lynch, D.V., and Dunn, T.M. (2004) An Introduction to Plant
Sphingolipids and a Review of Recent Advances in Understand-
ing Their Metabolism and Function, New Phytol. 161, 677–702.

21. Reynolds, C.P., Maurer, B.J., and Kolesnick, R.N. (2004) Cer-
amide Synthesis and Metabolism as a Target for Cancer Ther-
apy, Cancer Lett. 206, 169–180.

22. Cinque, B., Di Marzio, L., Centi, C., Di Rocco, C., Riccardi, C.,
and Grazia Cifone, M. (2003) Sphingolipids and the Immune
system, Pharma. Res. 47, 421–437.

23. Spassieva, S., and Hille, J. (2003) Plant Sphingolipids Today.
Are They Still Enigmatic? Plant Biol. 5, 125–136.

24. Gulbins, E., and Kolesnick, R. (2003) Raft Ceramide in Molec-
ular Medicine, Oncogene 22, 7070–7077.

25. Kraus, R., and Spiteller, G. (1991) Ceramides from Urtica
dioica Roots, Liebigs Ann. Chem., 125–128.

26. Martins, R.C.C., Lago, J.H.G., Albuquerque, S., and Kata, M.J.
(2003) Trypanocidal Tetrahydrofuran Lignans from Inflores-
cences of Piper solmsianum, Phytochemistry 64, 667–670.

27. López, H., Valera, A., and Trujillo, J. (1995) Lignans from
Ocotea foetens, J. Nat. Prod. 58, 782–785.

28. Gao, J.M., Dong, Z.J., and Liu, J.K. (2001) A New Ceramide
from the Basidiomycete Russula cyanoxantha, Lipids 36, 175–
180.

29. Zhan, Z.J., and Yue, J.M. (2003) New Glyceroglycolipid and
Ceramide from Premna microphylla, Lipids 38, 1299–1303.

30. Sugiyama, S., Honda, M., Higuchi, R., and Komori, T. (1991)
Stereochemistry of the Four Diastereomers of Ceramide and Cer-
amide Lactoside, Liebigs Ann. Chem., 349–356.

31. Higuchi, R., Natori, T., and Komori, T. (1991) Isolation and
Characterization of Acanthacerebroside B and Structure Eluci-
dation of Related, Nearly Homogeneous Cerebrosides, Liebigs
Ann. Chem., 51–55.

32. Cuvillier, O., Andrieu-Abadie, N., Segui, B., Malagarie-
Cazenave, S., Tardy, C., Bonhoure, E., and Levade, T. (2003)
Sphingolipid-Mediated Apoptotic Signalling Pathways, J. Soc.
Biol. 197, 217–221.

33. Angel, I., Bar, A., and Haring, R. (2002) Bioactive Lipids and
Their Receptors, Curr. Opin. Drug Discov. Devel. 5, 728–740.

34. Kolesnick, R., and Fuks, Z. (2003) Radiation and Ceramide-
Induced Apoptosis, Oncogene 22, 5897–5906.

35. Radin, N.S. (2003) Killing Tumours by Ceramide-Induced
Apoptosis: A Critique of Available Drugs, Biochem. J. 371,
243–256.

36. Wenkert, E., Cochran, D.W., Hagaman, E.W., Lewis, R.B., and
Schell, F.M. (1971) Carbon-13 Nuclear Magnetic Resonance
Spectroscopy with the Aid of a Paramagnetic Shift Agent, J. Am.
Chem. Soc. 93, 6271–6273.

37. Kuang, H.X., Kasai, R., Ohtani, K., Liu, Z.S., Yuan, C.S., and
Tanaka, O. (1989) Chemical Constituents of Pericarps of Rosa
davurica Pall., a Traditional Chinese Medicine, Chem. Pharm.
Bull. 37, 2232–2233.

38. Sakakibara, J., Kaiya, T., Fukuda, H., and Ohki, T. (1983) 6β-
Hydroxyursolic Acid and Other Triterpenoids of Enkianthus
cernuus, Phytochemistry 22, 2553–2555.

39. Kobayashi, H., Karasawa, H., Miyase, T., and Fukushima, S.
(1985) Studies on the Constituents of Cistanchis herba. VI. Iso-
lation and Structure of a New Iridoid Glycoside, 6-Deoxy-
catalpol, Chem. Pharm. Bull. 33, 3645–3650.

40. Bianco, A., Massa, M., Oguakwa, J.U., and Passacantilli, P.
(1982) 5-Deoxystansioside, an Iridoid Glucoside from Tecoma
stans, Phytochemistry 20, 1871–1872.

[Received June 25; accepted October 8, 2004]

CERAMIDES AND A NEW GLUCOCERAMIDE FROM INCARVILLEA ARGUTA 913

Lipids, Vol. 39, no. 9 (2004)

 



ABSTRACT: This study uses normal-phase HPLC with on-line
positive ion electrospray mass spectrometry (ESI–MS) to obtain
quantitative compositional data on both synthetic and butterfat
short-chain TAG. The product ion tandem MS of standards av-
eraged 11.1 times lower in abundance of the ion formed by
cleavage of FA from the sn-2-position for the pairs of regioiso-
mers in the TAG classes: L/L/S–L/S/L and L/S/S–S/L/S, where L
denotes long and S short acyl chain (C2–C6). The molar correc-
tion factors, determined for 42 regioisomeric pairs of short-
chain TAG of 20 randomized mixture of standards, differed by
1.4–80% as the ratios varied between 0.217 and 5.847. Butter-
fat TAG were resolved into four fractions on short flash chro-
matography grade silica gel columns. Pairs of regioisomers in
the TAG classes L/S/S–S/L/S with predominance of L/S/S isomers
and the sole regioisomers in the TAG classes L/L(M)/S were
identified by tandem MS, where M denotes either 8:0 or 10:0
acyl chain. The total proportion of L/L(M)/S isomers was esti-
mated at 34.7 and that of L/S/S–S/L/S at 1.0 mol%, including a
small proportion of S/S/S. In contrast to previous work, the pre-
sent data indicate the presence of a small proportion of butyric
and caproic acids in the sn-1-position. The overall distribution
of the FA in the short-chain TAG of butterfat, calculated from
direct MS measurements, was consistent with the results of in-
direct determinations based on stereospecific analyses of total
butterfat.

Paper no. L9549 in Lipids 39, 915–928 (September 2004).

The regioisomerism of short-chain TAG influences physico-
chemical, nutritional, and technological properties of butter-
fat and it has been the subject of numerous investigations.
Specifically, regioisomerism of TAG affects the melting
point, heat of fusion, solubility, crystal structure, and poly-
morphism (1). The lingual and gastric lipases preferentially
release the short-chain FA from the sn-3-position of TAG to
yield sn-1,2-DAG, which rapidly isomerize to sn-1,3-DAG,
which are no longer subject to resynthesis via the 2-MAG
pathway; as reviewed by Kuksis (2). Short- and medium-

chain FA are absorbed mainly via portal vein unless they are
esterified in the sn-2-position. Recent studies with structured
TAG have provided further evidence for the critical role of
regioisomerism in short- and medium-chain TAG metabolism
(3). 

Regiospecific analysis of TAG, especially short-chain
TAG, however, still presents a challenge to the lipid analyst.
Early stereospecific analyses of butterfat indicated that the
C4, C6, and C8 FA were preferentially, if not exclusively, as-
sociated with the sn-3-position (4–6), but did not provide a
direct estimate of the regioisomers. Direct evidence for the
presence of regioisomers in native, enzymatically, and chem-
ically interesterified butterfats was not provided in numerous
studies using GC–MS with positive EI and CI (7), LC–MS
with positive and negative CI (8), capillary supercritical fluid
chromatography–atmospheric pressure chemical ionization
(APCI) MS (9), GC–MS with positive EI (10), direct inlet
LC–MS with positive CI (11), LC–desorption tandem MS
(12), and TLC and gel permeation chromatography in combi-
nation with reversed-phase–APCI–MS (13). 

The potential applicability of MS, GC–MS, or LC–MS to
differentiate regioisomers of long-chain TAG has been
described in several publications (14–34). EI–MS allowed
differentiation between FA esterified in the sn-1(3) and sn-2
positions, on the basis of the observation of the [M –
RCOOCH2]+˙ formed by cleavage of the FA esterified in the
sn-1(3)-position only (14). The abundance of the [M – RCOO]+

ion cleaved from the sn-1(3)-position was four times that
cleaved from sn-2 position in LC–CI–MS (15). In the colli-
sion-induced dissociation (CID) spectra produced by nega-
tive ion chemical ionization (NICI), the [M–H–RCOO–100]−

ions were observed to be formed primarily by loss of FA from
the sn-1(3)-positions (16–20). 

Soft ionization methods applicable for interfacing with
HPLC have been of great interest in the recent years. APCI
has been found useful for differentiation of regioisomers of
long-chain TAG owing to the lower abundance of [M –
RCOO]+ ions of FA esterified in the sn-2 position (21–24).
Duffin et al. (25) reported the formation of abundant positive
ion signals for ammonium adducts of MAG-, DAG-, and
TAG, when a continuous flow of a sample dissolved in 10
mM ammonium acetate in chloroform/methanol was intro-
duced through the electrospray (ESI) interface. In the low-en-
ergy CID of [M + NH4]+ ions of TAG generated by ESI, no
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preferential loss of fatty acyl groups from either the sn-1(3)-
or sn-2-position was observed. A similar result was obtained
in the high-energy CID of [M + NH4]+ ions of TAG produced
by ESI (26). A slightly greater loss of fatty acyl groups from
the sn-1(3)-positions compared with the sn-2-position was
found in low energy CID of [M + NH4]+ ions of long-chain
TAG produced by ESI (28,29). An improved differentiation
of long-chain TAG regioisomers using ESI–MSn of [M +
NH4]+ ions and an ion trap instrument has been reported (30).
In addition to CID fragmentation of ESI generated [M +
NH4]+ ions, high-energy CID fragmentation of [M + Na]+ and
[M + Li]+ ions of long-chain TAG produced by ESI has been
shown to be applicable in the determination of regiospecific
distribution of acyl groups in the molecular species of long-
chain TAG (26,32). Sodiated precursor ions produced by
FABMS and high-energy CID fragmentation have been used
in the differentiation of regioisomers of short-chain TAG
(33). According to a recent report (34), regioisomers of
medium-chain TAG could not be differentiated by
RP–HPLC/ESI–tandem MS. 

Myher et al. (15) quantified separated TAG species of veg-
etable oils in direct inlet RP–LC–MS using response factors
calculated from the ratio of the area percentage of total ion
current and calculated TAG composition. Kallio and Currie
(16) applied ammonia NICI–tandem MS (NICI–MS/MS) in
the quantification of rapeseed oil TAG based on [RCOO]–

ions in the daughter ion spectra of [M – H]– ions and correc-
tion factors calculated from respective spectra of standards in
the analysis of proportions of the FA in each M.W. group. The
ratio of [M – H – RCOOH – 100]– ions resulting from the re-
lease of FA from the sn-2- and sn-1(3)-positions was used for
the determination of calibration curves obtained with mix-
tures of AAB- and ABA-type TAG standards. This method
was applied in the regiospecific analyses of long-chain TAG
in low erucic acid turnip rapeseed oil and human milk (16,17)
and in several other fats and oils. Furthermore, the method
has been used in the analysis of regioisomers of octanoic
acid–containing structured TAG and chylomicron and VLDL
TAG (18,20).

Byrdwell (35) and Byrdwell and Neff (36) used RP–
LC/APCI–MS to evaluate four different approaches for quan-
tifying of soybean oil and lard TAG. They proposed a method
based on response factor ratios obtained from comparisons of
FA values determined for TAG by GC with FID and summa-
tion of the areas of all DAG and protonated TAG peaks in the
mass spectrometer. The method has been applied as well in
the determination of TAG in animal fats (23). Recently, the
ratio 1(3),2-dilinoleoyl-3(1)-oleoylglycerol and 1,3-di-
linoleoyl-2-oleoylglycerol in vegetable oils has been deter-
mined by HPLC–APCI–MS from the mass abundances of
[LL]+ and [LO]+ ions using a calibration curve (24). Han and
Gross (27) quantified molecular species of long-chain TAG
directly from lipid extracts of biological samples by positive
ion ESI–MS/MS using product ion and neutral loss scanning,
isotope corrections, and an odd carbon number TAG as inter-
nal standard (ISTD). 

Recently, Kalo et al. (31) demonstrated the applicability
of normal-phase HPLC with positive ESI–MS and –MS/MS
for the quantification and identification of regioisomers of
short-chain TAG in nine interesterified mixtures of monoacid
TAG. For a successful application to natural mixtures, how-
ever, additional chromatographic resolution was clearly re-
quired. The present study describes the results of improved
resolution of regioisomeric short-chain TAG of butterfat on
normal-phase microbore HPLC columns followed by identi-
fication and quantification of regioisomers on the basis of
positive ESI–MS/MS of ammonium adducts. 

EXPERIMENTAL PROCEDURES

Materials. Anhydrous butterfat was purchased from Valio
Ltd. (Helsinki, Finland) and dried under vacuum to a water
content of 55–85 ppm. All solvents were purchased from
Rathburn (Walkerburn, United Kingdom) and were HPLC
grade. Monoacid TAG standards of 99% purity were pur-
chased from Sigma (St. Louis, MO) and Fluka (Buchs,
Switzerland). Silica gel 60 for column chromatography was
purchased from Merck (Darmstadt, Germany). Characteris-
tics of the gel given by the manufacturer were: particle size
range 0.040–0.063 mm, pore volume 0.71–0.78 mL/g, spe-
cific area 490 m2/g, drying loss <9.0%, pH 6.5–7.5.

Calibration standard mixtures. Mixtures of randomized
TAG were prepared by chemical interesterification of
equimolar amounts of three monoacid TAG at a time to yield
the following 20 randomized mixtures labeled as follows:
BCoE (mixture of tributyrin, tricaproin, and trienanthin),
BLaS, BLaP, BLaM, BMS, BMP, BPS, CoLaP, CoMS,
CoMP, CoPS, BLaO, BMO, BPO, BLaPo, BMPo, CoLaO,
CoMO, CoPO, CoMPo (where B denotes tributyrin, Co tri-
caproin, E trienanthin, L trilaurin, M trimyristin, P tri-
palmitin, S tristearin, Po tripalmitolein, and O triolein). The
interesterifications were performed using sodium methoxide
as catalyst (1%) at 85–90°C (1 h). The TAG were isolated
from the interesterification mixtures by TLC (37) or by flash
chromatography grade silica gel column chromatography
(31). All interesterified standard mixtures were analyzed for
randomness by GC on polarizable phenyl(65%)methylsili-
cone capillary columns as described by Kemppinen and Kalo
(37).

Flash column chromatography. The chromatographic col-
umn (5.4 × 1.5 cm) was prepared in a 15-mL isolute filtration
column tube with micropore filters (International Sorbent Tech-
nology, Hengoed, United Kingdom) using a dry packing
method. The column was solvated and equilibrated by intro-
ducing 50 mL of hexane through the sorbent. A flow of approx-
imately 9 mL/min was achieved by applying vacuum to the
lower end of column with Vac Elut Accessory (Analytichem
International, Harbor City, CA). The fat sample (100 mg) was
introduced in 0.5 mL of chloroform. A stepwise elution scheme
was used in the fractionation (Table 1). Trinonanoin was added
as internal standard to the TAG fractions. The total recovery of
fractionation, determined gravimetrically, was 100%.
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LC–ESI–MS. The TAG fractions and interesterified stan-
dard mixtures were analyzed by normal-phase HPLC (NP-
HPLC) using two or three Phenomenex Luna 3-µm silica
columns, 100 × 2.0 mm, and a 4 × 2.0-mm guard column, in
series. For elution of TAG, multistage binary gradient of
hexane (A) and hexane/methyl-tert-butyl ether/acetic acid
(60:40:1, by vol) (B) in the analyses with three columns in se-
ries with the following parameters was applied (time in
min/%B by vol/flow in mL/min): 0/0/0.1, 2/5/0.1, 18/18/0.1,
30/18/0.1, 31/90/0.1, 49/90/0.1, 50/99/0.5, 64/99/0.5,
65/0/0.5, and 75/0/0.5. In the analyses with two columns in
series the respective parameters were: 0/0/0.1, 2/15/0.1,
16/15/0.1, 22/18/0.1, 30/18/0.1, 31/90/0.1, 49/90//0.1,
50/99/0.5, 64/99/0.5, and 65/0/0.5. An ion-trap Bruker Es-
quire LC-MS (Bruker Daltonic, Bremen, Germany) was op-
erated in positive ESI mode. Capillary voltage was 3000 V,
capillary exit offset 60 V, skimmer potential 20 V, and trap
drive value of 55. Conventional ESI–MS were recorded using
a scan range of 50–1000 m/z and summation of 15 spectra.
Nebulizer (nitrogen) pressure was 40 psi, dry gas (nitrogen)
flow 8 L/min, and dry temperature 300°C. Auto-MS/MS
spectra for two most intense ions eluting concurrently were
recorded using helium (99.996%) as the collision gas. The
reagent solvent, chloroform/methanol/ammonia water (25%)
20:10:3 (by vol), was pumped with a flow rate of 6.0 mL/min
via a 1:100 split device to effluent flow.

Linear calibration. Linear calibration was used in the de-
termination of molar correction factors (MCF). Three solu-
tions of each interesterified standard mixture with different
analyte and internal standard (trinonanoin) ratios were pre-
pared. The molar analyte/ISTD ratios of each regioisomer
were calculated from GLC data (37) as follows. The molar
amount of each molecular species was calculated from the
areas of each analyte and ISTD and the amount of ISTD.
Then the molar amount was divided in a random ratio (2:1)
to get molar amounts of each regioisomer. The conventional
ESI–MS were recorded for three analyte/ISTD ratios for each
of the 22 interesterified standard mixtures using three silica
gel columns in series. The ion chromatograms, recorded for
the ammonium adducts of short-chain TAG in standard mix-
tures, butterfat fractions, and ISTD, were extracted from total
ion current data and integrated. The plots n(i)/n(ISTD) vs.
area (i)/area(ISTD) for each regioisomer of short-chain TAG
in standard mixtures were produced for calculation of MCF
by linear regression. 

Normalization. The sum of n(mol)i, ntot, was calculated for
TAG containing two or three short acyl chain and for TAG
containing one short acyl chain. In the previous GC study, the
proportion of TAG containing one short acyl chain was
shown to be 34.7 mol% of total TAG (37). The mol%i was
calculated using the equation: mol%i/mol%tot = ni/ntot. The
mol%tot for TAG containing two or three short acyl chain was
calculated using the equation: mol%tot(S/S/L + S/S/S)/
mol%tot(S/L(M)/L) = ntot(S/S/L + S/S/S)/ntot(S/L(M)/L).

RESULTS

Ion chromatograms of ammonium adducts in interesterified stan-
dard mixtures. Each interesterified mixture of three monoacid
TAG was composed of two diacid TAG with two short or
medium-long acyl chain, two diacid TAG with one short- or
medium-chain acyl, one three-acid TAG, and five long-chain
TAG. The regioisomers of dibutyrate TAG were separated with
baseline resolution, RS values between 1.5 and 2.0 (Fig. 1A). The
regioisomers of dicaproate TAG were resolved partially with RS
in the range 0.5–1.1 (Fig. 1C). Dicaprylate and dicapriate regioi-
somers were not separated. The regioisomers of monobutyrate
TAG were separated to the baseline with RS between 1.6 and 2.9
(Fig. 1B), those of saturated monocaproates close to the baseline
with RS in the range 1.0–1.5, and those of unsaturated mono-
caproates close to the baseline or partially with RS in the range
0.5–1.3 (Fig. 1D). The ESI–MS showed only [M + NH4]+ ions.
Sodium adducts and fragment ions were not observed except low
intensity fragment ions in the spectra of ammonium adducts with
molecular weight below 500. 
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TABLE 1
Stepwise Elution Scheme for Fractionation of Triacylglycerols

Eluting solvent 
mixture (by vol) Volume (mL) Lipids eluted

Aa/Bb (22:78) 40 Cholesterol esters
A/B (60:40) 60 TAG fraction A
A/B (65:35) 40 TAG fraction B
A/B (85:15) 40 TAG fraction C
A/B (100:0) 40 TAG fraction D
aDichloromethane.
bHexane.

FIG. 1. Extracted ion chromatograms for ammonium adducts of short-chain
TAG in standard mixtures. m/z 488, Regioisomers of dibutyroylpalmitoyl-
glycerol (A), m/z 656, regioisomers of butyroyldipalmitoylglycerol (B), m/z
544, regioisomers of dicaproylpalmitoylglycerol (C), m/z 684, regioisomers
of caproyldipalmitoylglycerol (D). EIC, extracted ion chromatograms.



Collision-induced dissociation spectra of short-chain TAG
in standard mixtures. Figure 2 shows examples of the results
obtained by the application of the LC–ESI–MS/MS method
to the identification of regioisomers of a large number of
short-chain TAG in standard mixtures. In the product ion tan-
dem mass spectra [(M + NH4) – RCOONH4]+ ions were
formed. The abundance of the ion formed by cleavage of the
FA from the sn-2 position was lower than that from the sn-
1(3) positions. In the tandem MS of 1,2-dipalmitoyl-3-buty-
royl-rac-glycerol and 1,3-dipalmitoyl-2-butyroyl-glycerol the
relative abundance of [(M + NH4) – butyroyloxy–NH4]+ ion
(m/z 551) was 58.6 and 9.7%, respectively (Figs. 2A3 and
A2). The relative abundance ratio [(M + NH4) – butyroyl-
oxy–NH4]+/[(M + NH4) – long-chain acyloxy–NH4]+ varied
between 1.022 and 1.416 for the former, and between 0.113
and 0.095 for the latter regioisomer. The ratios of these abun-
dance ratios varied between 10.30 and 13.40 (data not
shown). In the MS/MS of diacid TAG containing one buty-
royl chain, the abundance of the ion formed by loss of butyric

acid varied from 36.7 to 68.2 (n = 13) for L/L/4:0- and from
4.9 to 12.7% (n = 13) for L/4:0/L-isomers. The relative abun-
dance ratio [(M + NH4) – butyroyloxy–NH4]+/[(M + NH4) –
long-chain acyloxy–NH4]+ was in the range 0.580–2.140 for
L/L/4:0- and in the range 0.051–0.146 for L/4:0/L-isomers.
The ratio of the abundance ratios of the L/L/4:0- and L/4:0/L-
isomers varied between 4.92 and 41.63 and was on the aver-
age 12.29 (SD 9.65, n = 13) (Table 2).

In the tandem MS of 1-oleoyl-2-lauroyl-3-butyroyl-rac-
glycerol and 1-oleoyl-2-butyroyl-3-lauroyl-rac-glycerol the
relative abundance of [(M + NH4) – butyroyloxy–NH4]+ ion
(m/z 521) was 50.6 and 8.0%, respectively (Figs. 2B3 and
B2). The relative abundance ratio [(M + NH4) – butyroy-
loxy–NH4]+/[(M + NH4) – long-chain acyloxy–NH4]+ was
1.03 for the former and 0.087 for the latter regioisomer and
the ratio of the abundance ratios of 18:1/12:0/4:0 and
18:1/4:0/12:0 was 11.81. In the MS/MS of triacid TAG con-
taining one butyroyl chain the abundance of the ion formed
by loss of butyric acid was in the range 39.9–79.7% for
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FIG. 2. EIC and collision-induced dissociation spectra for ammonium adducts of short-chain
TAG in standard mixtures. (A1) EIC m/z 656: regioisomers of butyroyldipalmitoylglycerol. (A2)
Tandem MS at 39.0 min: 1,3-dipalmitoyl-2-butyroyl-glycerol. (A3) Tandem MS at 40.3 min:
1,2-dipalmitoyl-3-butyroyl-rac-glycerol. (B1) EIC m/z 626: regioisomers of butyroyllauroy-
loleoylglycerol. (B2) Tandem MS at 39.8 min: 1-oleoyl-2-butyroyl-3-lauroyl-rac-glycerol. (B3)
Tandem MS at 40.7 min: 1-oleoyl-2-lauroyl-3-butyroyl-rac-glycerol + 1-lauroyl-2-oleoyl-3-bu-
tyroyl-rac-glycerol. (C1) EIC m/z 514: regioisomers of dibutyroyloeloleoglycerol. (C2) Tandem
MS at 45.3 min: 1-oleoyl-2,3-dibutyroyl-rac-glycerol. (C3) Tandem MS at 47 min: 1,3-dibuty-
royl-2-oleoylglycerol. (D1) Auto-MS EIC m/z 710.5: regioisomers of caproylpalmitoyloleoyl-
glycerol. (D2) Tandem MS at 37.8 min: 1-oleoyl-2-caproyl-3-palmitoyl-rac-glycerol. (D3) Tan-
dem MS at 38.1 min: 1-oleoyl-2-palmitoyl-3-caproyl-rac-glycerol + 1-palmitoyl-2-oleoyl-3-
caproyl-rac-glycerol. For abbreviation see Figure 1.



L/L′/4:0- and in the range 9.0–13.8% for L/4:0/L′-isomers.
The relative abundance ratio [(M + NH4) –butyroyl-
oxy–NH4]+/[(M + NH4) – long-chain acyloxy–NH4]+ varied
between 0.794 and 3.931 for L/L′/4:0- and between 0.087 and
0.171 for L/4:0/L′-isomers. The ratio of the abundance ratios
of L/L′/4:0- and L/4:0/L′-isomers was in the range
7.98–24.53 and on the average 12.27 (SD 6.08, n = 7) (Table
2). 

In the MS/MS of 1-oleoyl-2,3-dibutyroyl-rac-glycerol and
1,3-dibutyroyl-2-oleoylglycerol the abundance of [(M + NH4)
– long-chain acyloxy–NH4]+ ion (m/z 215) varied between
51.0 and 67.0% for the former and between 2.8 and 10.7% for
the latter regioisomer (Figs. 2C2 and C3). The relative abun-
dance ratio [(M + NH4) – long-chain acyloxy–NH4]+/[(M +
NH4) – butyroyloxy–NH4]+ was in the range 1.04–2.03 for
18:1/4:0/4:0 and in the range 0.029–0.120 for 4:0/18:1/4:0.
The ratios of the abundance ratios of these pairs of regioiso-
mers varied between 17.00 and 35.89 (data not shown). The
relative abundance ratio [(M + NH4) – long-chain acyloxy–
NH4]+/[(M + NH4) – butyroyloxy–NH4]+ of L/4:0/4:0-iso-
mers was in the range 0.511–2.034 and that of 4:0/L/4:0-iso-
mers in the range 0.021–0.120. The ratio of the abundance ra-
tios of L/4:0/4:0- and 4:0/L/4:0-isomers was in the range
7.02–35.89 and on the average 18.68 (SD 8.21, n = 8) (Table
2).

In the MS/MS of diacid TAG containing one caproyl chain
the abundance of the ion formed by loss of caproic acid var-
ied from 43.6 to 60.5% for L/L/6:0- and from 9.5 to 14.5%
for L/6:0/L-isomers. The relative abundance ratio [(M + NH4)
– caproyloxy–NH4]+/[(M + NH4) – long-chain acyloxy–
NH4]+ varied between 0.776 and 1.534 for the L/L/6:0- and
between 0.105 and 0.169 for the L/6:0/L-isomers. The ratio
of the abundance ratios of L/L/6:0- and L/6:0/L-isomers was
in the range 5.70–13.03 and on the average 8.86 (SD 3.15, n
= 4) (Table 2). In the tandem MS of 1-oleoyl-2-palmitoyl-3-
caproyl-rac-glycerol and 1-oleoyl-2-caproyl-3-palmitoyl-
rac-glycerol the abundance of [(M + NH4) – caproyl-
oxy–NH4]+ ion (m/z 577) was 46.8 and 11.5%, respectively
(Figs. 2D3 and D2). The relative abundance ratio [(M + NH4)

– caproyloxy–NH4]+/[(M + NH4) – long-chain acyloxy–
NH4]+ was 0.880 for the former and 0.130 for the latter re-
gioisomer. The ratio of the abundance ratios of 18:1/16:0/6:0
and 18:1/6:0/16:0 was 6.79 (data not shown). The ratio of the
abundance ratios of L/L′/6:0- and L/6:0/L′-isomers varied be-
tween 6.79 and 12.75 and was on the average 9.33 (SD 3.08,
n = 3) (Table 2). 

In the tandem MS of diacid TAG containing two caproyl
groups the abundance of [(M + NH4) – caproyloxy–NH4]+ ion
was in the range 22.0–62.1 and 4.2–22.2% for L/6:0/6:0- and
6:0/L/6:0-TAG, respectively. The relative abundance ratio
[(M + NH4) – long-chain acyloxy–NH4]+/[(M + NH4) –
caproyloxy–NH4]+ varied between 0.283 and 1.636 for
L/6:0/6:0- and between 0.043 and 0.286 for 6:0/L/6:0-TAG.
The ratio of the abundance ratios of L/6:0/6:0- and 6:0/L/6:0-
isomers varied in the range 4.15–12.70 and was on the aver-
age 7.32 (SD 2.93, n = 6) (Table 2).

Determination of molar correction factors. GC of calibra-
tion standards on polarizable phenylmethylsilicone columns
revealed random ratios of molecular species and regioiso-
mers. Ratios of regioisomers L/L/4:0 and L/4:0/L of 17 mol-
ecular species in 11 standard mixtures were on the average
1.880 (SD 0.130, n = 108) and the deviation from the calcu-
lated random composition of the same molecular species was
on the average 7.023% (SD 5.499). The data of regioisomer
ratios included a few values around 1.5 for partially resolved
(RS < 1) regioisomers in three standard mixtures. However,
the deviation from the random composition of these molecu-
lar species was below the average of all molecular species.
Ratios of regioisomers L/L/6:0 and L/6:0/L of 12 molecular
species in eight standard mixtures were on the average 1.992
(SD 0.271, n = 36) and the deviation from the calculated ran-
dom composition of the same molecular species was on the
average 5.849 (SD 6.179). Molar correction factors were de-
termined for the 42 pairs of regioisomers of short-chain TAG.
The ion chromatograms of ammonium adducts were extracted
from total ion current data of three analyte/ISTD ratios and
integrated. The area(i)/area(ISTD) for regioisomers of short-
chain TAG was calculated from these ion chromatograms and
n(i)/n(ISTD) ratio of each regioisomer was calculated from
GLC data. The plots n(i)/n(ISTD) vs. area(i)/area(ISTD) in
the ESI ion chromatograms for regioisomers of 4:0/16:0/16:0
(A and B), 4:0/16:0/18:1 (C and D), 4:0/4:0/16:0 (E and F),
and 6:0/6:0/18:1 (G and H) demonstrate the linearity of re-
sponse (Fig. 3). The regression analysis indicates linear rela-
tionship of n(i)/n(ISTD) and area(i)/area(ISTD), and different
MCF for regioisomers. The coefficient of determination,
R2,varied between 0.692 and 0.999 and was on the average
0.933 (SD 0.058, n = 78). The experimentally determined
MCF varied between 0.217 and 5.847. The MCF of regioiso-
mers differed by 1.4–80.4%.

The plot of MCF vs. the number of acyl group carbons
(ACN) for saturated butyrate regioisomers with long acyl
chain present in the sn-2 position showed polynomial depen-
dence with a minimum at ACN 22 (Fig. 4A). Regression
analysis revealed polynomial dependence of MCF vs. ACN
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TABLE 2 
The Ratios of Relative Abundance Ratios (RRAR) of the Ions Formed 
by Cleavage of FA from the Primary vs. Secondary Positiona

Class of short-chain RRARa

TAG Range Average SD n

A. L/L/4:0 vs. L/4:0/L 4.92–41.63 12.29 9.65 13
B. L/L′/4:0b vs. L/4:0/L′ 5.35–24.53 12.27 6.08 7
C. L/L/6:0 vs. L/6:0/L 5.70–13.03 8.86 3.15 4
D. L/L′/6:0c vs. L/6:0/L′ 6.79–12.75 9.33 3.08 3
E. L/4:0/4:0 vs. 4:0/L/4:0 7.02–35.89 16.68 8.21 8
F. L/6:0/6:0 vs. 6:0/L/6:0 4.15–12.70 7.32 2.93 6
aRatio of [(M + NH4) – short-chain acyloxy–NH4]/[(M + NH4) – long-chain
acyloxy–NH4] of the regioisomer pairs L/4:0/L vs. L/L/4:0, L/4:0/L′ vs.
L/L′/4:0, L/6:0/L vs. L/L/6:0 , and L/6:0/L′ vs. L/L′/6:0. Ratio of [(M + NH4) –
long-chain acyloxy–NH4]/[(M + NH4) – short-chain acyloxy–NH4] of the re-
gioisomer pairs L/4:0/4:0 vs. 4:0/L/4:0 and L/6:0/6:0 vs. 6:0/L/6:0.
bMixture of reverse isomers: L/L′/4:0 + L′/L/4:0.
cMixture of reverse isomers: L/L′/6:0 + L′/L/6:0.



for saturated regioisomers with butyroyl in the sn-2-position
(Fig. 4B). The minimum was at ACN 20. The regression
curve shown in Figure 4B was calculated from MCF/ACN of
diacid TAG with two butyroyl groups and symmetric diacid
TAG with two identical long acyl chains. When, in addition,
the asymmetric diacid TAG with two different long acyl
chains were included in the calculation, the regression equa-
tion was y = 0.005x2 – 0.1995x + 2.3936 (R2 = 0.7098). The
MCF of asymmetric L/4:0/L′- isomers with ACN 32 and 36
were higher than those of corresponding symmetric acyl
chain isomers (Fig. 4B). The regression curve for saturated
caproate regioisomers with a long acyl chain in the sn-2-posi-
tion showed polynomial dependence and minimum at ACN
18 (Fig. 4C). A similar trend with different parameters was
observed for saturated regioisomers with caproyl in the sn-2
position, when the regression curve calculated from data
points of diacid TAG with two caproyl groups and symmetric
diacid TAG with two identical long acyl chains (Fig. 4D). The

MCF of asymmetric L/6:0/L′-isomers with ACN 34 and 38
were distinctly higher compared to those of corresponding
symmetric acyl chain isomers (Fig. 4D).

The plot of MCF vs. ACN for monoene butyrate regioiso-
mers with a long acyl chain in the sn-2-position showed poly-
nomial dependence with a minimum at ACN 28 (Fig. 4E).
The corresponding plot of monoene regioisomers with bu-
tyrate in the sn-2-position showed also polynomial depen-
dence and minimum at ACN 28 but different parameters and
shape of the regression curve (Fig. 4F). The regression curves
for monoene caproate TAG with a long acyl chain or caproyl
present in the sn-2-position showed linear dependence with
different parameters (Fig. 4G and H).

Identification of short-chain TAG in butterfat. For this pur-
pose tandem mass spectra were recorded in automatic mode
for four subfractions of butterfat. In all instances, the product
ion tandem MS showed [(M + NH4) – acyloxy–NH4]+ ions.
Figure 5 demonstrates the structural analysis of a diacid TAG
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FIG. 3. Plots of n(i )/n(ISTD) vs. area(i )/area(ISTD). 1,2-Dipalmitoyl-3-butyroyl-rac-glycerol (A);
1,3-dipalmitoyl-2-butyroyl-rac-glycerol (B); 1-oleoyl-2-palmitoyl-3-butyroyl-rac-glycerol (C);
1-oleoyl-2-butyroyl-3-palmitoyl-rac-glycerol (D); 1,3-dibutyroyl-2-palmitoylglycerol (E); 1-
palmitoyl-2,3-dibutyroyl-rac-glycerol (F); 1,3-dicaproyl-2-oleoylglycerol (G); 1-oleoyl-2,3-di-
caproyl-rac-glycerol (H).



containing two butyroyl groups. Extracted ion chromatogram
m/z 514 corresponds to the ammonium adduct of TAG 26:1
(Fig. 5A). The MS/MS of the high intensity peak in the ex-
tracted ion chromatogram shows intense ions m/z 215 and m/z
409, which are formed in CID by loss of oleoyloxy–NH4 and
butyroyloxy–NH4, respectively (Fig. 5B). The relative abun-
dance of the former peak was 43.1%, and the relative abun-
dance ratio [(M + NH4) – oleoyloxy–NH4]+/[(M + NH4) – bu-
tyroyloxy–NH4]+ was 0.757. The same fragment ions are
shown in the MS/MS of the low-intensity peak eluting after
the high-intensity peak in the extracted ion chromatogram m/z
514, but the relative abundance of ion m/z 215 was 5.5% and
the relative abundance ratio [(M + NH4) –
oleoyloxy–NH4]+/[(M + NH4) – butyroyloxy–NH4]+ was
0.0584 (Fig. 5C). The ratio of the relative abundance ratio of
the former regioisomer to the latter regioisomer was 12.9.
Comparison of this ratio to the MS/MS data for similar TAG
in the standard mixtures indicated that the regioisomer elut-

ing in the high-intensity peak was consistent with a pair of
enantiomers: 1-oleoyl-2,3-dibutyroyl-sn-glycerol and 3-
oleoyl-1,2-dibutyroyl-sn-glycerol. The regioisomer eluting in
the low-intensity peak is 4:0/18:1/4:0. The same principles
were applied in the identification of molecular species and
pairs of regioisomers in the L/S/S–S/L/S- and L/S/S′–S/L/S′-
classes shown in Table 3. 

The three tandem mass spectra in Figure 6 are shown as an
example of identification of acyl chain isomers of triacid TAG
containing one short acyl chain. The MS/MS measured for
the intense peak eluting at 38.1 min in the extracted ion chro-
matogram (EIC) 711, which corresponds to the ammonium
adduct of TAG 40:1, shows fragment ions m/z 577, 437, and
411, which are formed by loss of caproyloxy–NH4, palmitoy-
loxy–NH4, and oleoyloxy–NH4, respectively (Fig. 6B). The
relative abundances for these ions, 61.1/17.7/21.2%, indicate
a mixture of reverse isomers, 18:1/16:0/6:0 and 16:0/18:1/6:0.
The relative abundance ratio [(M + NH4) – caproyl-

METHOD 921

Lipids, Vol. 39, no. 9 (2004)

FIG. 4. The plots of molar correction factor vs. acyl carbon number. (A) Saturated: u X/X/4:0-
isomers. (B) Saturated: u X/4:0/X-isomers, n X/4:0/X’-isomers. (C) Saturated u X/X/6:0-iso-
mers. (D) Saturated u X/6:0/X-isomers, n X/6:0/X’-isomers. (E) Unsaturated u X/X/4:0-isomers,
n 18:1/12:0/4:0. (F) Unsaturated u X/4:0/X-isomers, n 18:1/4:0/12:0. (G) Unsaturated u
X/X/6:0-isomers. (H) Unsaturated u X/6:0/X-isomers. 



oxy–NH4]+/[(M + NH4) – long-chain acyloxy–NH4]+ was
1.568, which slightly exceeds the range 0.776–1.534 mea-
sured for the L/L/6:0-isomers, in standard mixtures. The tan-
dem MS recorded at the top of the less intense peak at 39.3
min shows fragment ions m/z 605, 411, and 409, which are
formed by the cleavage of butyroyloxy–NH4, oleoyloxy–NH4,
and stearoyloxy–NH4, respectively (Fig. 6C). The relative
abundances of these ions are 43.2/43.3/13.6%, which indicate
that stearic acid is located in the sn-2-position. The relative
abundance ratio [(M + NH4) – butyroyloxy–NH4]+/[(M +
NH4) – long-chain acyloxy–NH4]+ was 0.758, which is
slightly below the range 0.794– 3.931 for the L/L′/4:0-iso-
mers in standard mixtures, but clearly higher than the range
0.087–0.171 for the L/4:0/L′-isomers. The data are consistent
with a pair of enantiomers: 1-oleoyl-2-stearoyl-3-butyroyl-
sn-glycerol and 1-butyroyl-2-stearoyl-3-oleoyl-sn-glycerol.
Because the former enantiomer is more consistent with the
results of stereospecific analyses, an abbreviation 18:1/
18:0/4:0 is used (4–6). The tandem MS recorded at the tailing
end of less intense peak at 39.5 shows the same fragment ions
m/z 605, 411, and 409 with different relative abundance ra-
tios, 39.0/5.0/56.0 (Fig. 6D). The relative abundance ratio
[(M + NH4) – butyroyloxy–NH4]+/[(M + NH4) – long-chain
acyloxy–NH4]+ was 0.640, which is slightly below the range
for the L/L′/4:0-isomers in standard mixtures, but clearly
higher than the range for the L/4:0/L′-isomers. The tandem
MS is consistent with a pair of enantiomers: 1-stearoyl-2-
oleoyl-3-butyroyl-sn-glycerol and 1-butyroyl-2-oleoyl-3-
stearoyl-sn-glycerol and abbreviation 18:0/18:1/4:0.

A high number of molecular species of TAG containing
two long acyl chains or one long and one medium-long acyl
chain together with one short acyl chain, acetyl, butyroyl, or
caproyl were identified (Table 4). Only L/L(M)/S- regioiso-

mers were identified from tandem mass spectra. Saturated and
unsaturated monocaproates and monobutyrates were identi-
fied in the ACN ranges 34–40 and 38–40, respectively. 

When butterfat fractions C and D were analyzed using two
silica gel columns in series, several TAG containing one
acetyl with one short or medium, and one long acyl chain
were identified. Figure 7 demonstrates the structural analysis
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FIG. 5. Structural analysis of regioisomers of dibutyroyloleoylglycerol
in butterfat. (A) EIC of ammonium adduct of 26:1, m/z 514. (B) Tandem
MS at 46.9 min: 1-oleoyl-2,3-dibutyroyl-sn-glycerol + 1,2-dibutyroyl-3-
oleoyl-sn-glycerol. (C) Tandem MS at 48.1 min: 1,3-dibutyroyl-2-
oleoylglycerol. For abbreviation see Figure 1.

TABLE 3
Proportion of TAG Containing Two or Three Short Acyl Chains
(acetyl, butyroyl, or caproyl) in Butterfat

Major and (minor)
molecular species

ACN:DBa RRTb of TAGc,d Mol%e,f RSD (%)g

12:0 1.219 4:0/4:0/4:0 0,0097C 24.5
18:0 1.177 6:0/6:0/6:0 0,0188C 37.0
20:0 1.184 6:0/10:0/4:0d 0.0012C(D) 79.3
22:0 1.147 12:0/6:0/4:0, 0.0142C(D) 29.7

(8.0/8:0/6:0)c

1.162 14:0/4:0/4:0c 0.0026D 21.8
1.214 4:0/16:0/2:0d 0.0007D 13.2

24:0 1.118 14:0/6:0/4:0, 0.0453C(D) 45.7
(12:0/8:0/4:0 + 
8:0/12:0/4:0)c

1.135 6:0/14:0/4:0d 0.0341D 21.6
1.172 16:0/4:0/4:0c 0.0367C 25.0
1.187 4:0/16:0/4:0 0.0044D 32.5
1.216 16:0/6:0/2:0c 0.0033D 3.5

26:1 1.140 16:1/6:0/4:0, 0.0156C(D) 28.4
12:0/10:1/4:0c

1.172 18:1/4:0/4:0c 0.0661C(D) 37.8
1.187 4:0/18:1/4:0 0.0049D 95.4

26:0 1.088 16:0/6:0/4:0, 0.3206C(D) 21.0
(14:0/6:0/6:0)c

1.125 6:0/16:0/4:0d 0.0396C(D) 46.5
1.152 18:0/4:0/4:0c 0.0223C(D) 105.3

28:1 1.111 18:1/6:0/4:0c,   0.1455C(D) 27.3
(16:1/6:0/6:0c,
14:0/10:1/4:0c, 
6:0/18:1/4:0d,
10:1/14:0/4:0d)

28:0 1.088 18:0/6:0/4:0c 0.1249C(D) 20.2
NI,h 18:0, 20:0 0.0595 24.5
22:1, 22:0, 23:0, 24:1 
24:0, 26:2, 26:1, 26:0
Total 0.9699

aThe number of acyl group carbons:the number of double bonds.
bRelative retention time.
cRegiospecific analysis indicates a mixture of enantiomers: L/S/S′ + S′/S/L or
L/S/S + S/S/L. The enantiomers L/S/S′ and L/S/S, which are more consistent
with the results of stereospecific analyses (4–6), are presented.
dRegiospecific analysis revealed a mixture of enantiomers: S/L/S′ + S′/L/S.
Only one enantiomer is presented.
eThe mol percentage was calculated by normalizing the sum of the mean of
n(mol) in fractions C (n = 5) and D (n = 3) to give the total proportion of
0.9699 mol%. This was calculated from the sums n(mol)i of TAG containing
two or three acetyl, butyroyl, or caproyl chains and TAG containing one bu-
tyroyl or caproyl chain.
fC or D after the value for mol% indicate the fraction of silica gel fractiona-
tion, where the molecular species was measured. Parentheses express that
the minor part of molecular species was measured in the fraction in ques-
tion.
gRelative standard deviation (RSD) (%) determined for the silica gel fraction,
where the major part of the molecular species was measured (n = 5, fraction
C; n = 3, fraction D). 
hNot identified. 

 



of ammonium adduct of acetate TAG 24:0. The tandem MS
recorded at 41.3 min shows fragment ions m/z 411, 383, and
187, which are formed by cleavage of acetyloxy–NH4, buty-
royloxy–NH4, and stearoyloxy–NH4, respectively. The rela-
tive abundances of these ions, 7.9/ 35.0/57.1%, indicate that
acetic acid is in the sn-2-position and are consistent with
18:0/2:0/4:0 (Fig. 7B). The fragment ions of the tandem MS
recorded at 42.5 min are m/z 411, 299, 271, formed by cleav-
age of acetyloxy–NH4, caprioyloxy–NH4, and lauroyloxy–
NH4, respectively. The relative abundances of these ions,
37.0/18.5/44.4%, are consistent with 12:0/10:0/2:0 (Fig. 7C).
The relative abundances of the fragment ions m/z 411, 327,
and 243, recorded at 43 min, 43.5/15.0/41.5%, and those of
m/z 411, 355, and 215, recorded at 43.9 min, 39.0/
17.2/43.7%, are consistent with 14:0/8:0/2:0 (Fig. 7D) and
16:0/6:0/2:0 (Fig. 7E), respectively.

Quantification of regioisomers of TAG in butterfat. The
conventional mass spectra recorded at the maxima of total ion
chromatogram of four fractions of butterfat revealed the am-
monium adduct ions. These ions were extracted by computer
from the total ion MS data and the ion chromatograms were
integrated to obtain the area of different peaks of each ion
chromatogram. For the calculation of n(mol) for each analyte
peak by the method of internal standardization, the following
principles were used in the choosing of MCF. Because the
isomeric molecular species of the same regioisomer class
showed different MCF (Fig. 4), the MCF of the isomer to be
calculated was used, when available. If not, MCF was calcu-
lated using the appropriate regression equation. Among the

triacid TAG containing two short acyl chains were identified
several molecular species containing two different short acyl
chains (two acyls of acetyl, butyroyl, or caproyl). For exam-
ple, to calculate the MCF for L/6:0/4:0-regioisomers,
ACN:DB 28:0, the MCF for ACN 28:0, was calculated first
from equations for X/X/4:0 (Fig. 4A) and X/6:0/X-classes
(Fig. 4D). The mean of these was used in the calculation of
n(mol) of this molecular species in the fractions C and D. 

Among the TAG containing two or three short acyl chains,
small amounts of tributyrin and tricaproin were detected
(Table 3). The molar ratio of the L/S/S′ + L/S/S- and S/L/S′ +
S/L/S-isomers was 90.5:9.5. The short-chain TAG L/6:0/4:0-
and L/4:0/4:0-classes, comprised approximately 69 and 13%
of the TAG containing two or three short acyl chains. The
proportion of dicaproates, acetobutyrates, and acetocaproates
was small. The TAG containing one short acyl chain was
composed of butyrate L/L(M)/4:0- (59.0%), caproate
L/L(M)/6:0-isomers (40.9%), including caproates identified
from retention data, and acetates (0.1%) (Table 4). 

In the analyses using two silica gel columns in series, sev-
eral molecular species of regioisomers of acetate TAG contain-
ing two short acyl chains (acetyl and butyroyl or caproyl) or
one short and one medium acyl chain (acetyl and capryloyl or
caprioyl) were identified in butterfat fractions C and D (Table
5). Regioisomer class X/X/2:0 predominated; only four molec-
ular species of class X/2:0/X were detected. The area ratio of
total regioisomer classes X/X/2:0 and X/2:0/X was 90.5:9.5.

To compare the regioisomer ratios determined using three
silica gel columns in series to the results of regiospecific
analyses, the distribution of short-chain FA among the three
positions of glycerol backbone was calculated from n(mol)i
of all identified short-chain TAG on the basis of stereospe-
cific analyses (4–6). The percentages of butyric acid esteri-
fied in the sn-1-, sn-2-, and sn-3-positions were 0.1, 0.7, and
99.2%, and those of caproic acid were 0.5, 6.1, and 93.4%,
respectively. The percentages of short-chain FA (C2–C6) in
the sn-1-, sn-2-, and sn-3-positions were 0.2, 2.7, and 97.0%,
respectively. In the analysis using two silica gel columns in
series, the area proportion of acetic acid in the sn-2-position
in the acetate TAG was 9.5%. 

DISCUSSION

Chromatographic resolution of regioisomers. The use of three
normal-phase analytical columns in series instead of the two
employed previously (31) in combination with a multistage
binary gradient greatly improved the separation of TAG re-
gioisomers containing one butyroyl or caproyl chain as well
as those containing two caproyl chains per molecule. The pre-
sent results on the separation of the regioisomers of short-
chain TAG of butterfat are also superior to those obtained by
a combined application of AgNO3-TLC and polar capillary
GLC on molecular distillates of butterfat, which had failed to
recognize the presence of relatively high proportions of TAG
containing caproic acid and minor proportions containing butyric
acid in the sn-2-position (7). 
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FIG. 6. Structural analysis of acyl chain isomers of TAG 40:1 in butter-
fat. (A) EIC of the ammonium adduct of 40:1, m/z 711. (B) Tandem MS
at 38.1 min, mixture of two pairs of enantiomers (reverse isomers): (1-
oleoyl-2-palmitoyl-3-caproyl-sn-glycerol + 1-caproyl-2-palmitoyl-3-
oleoyl-sn-glycerol) + (1-palmitoyl-2-oleoyl-3-caproyl-sn-glycerol +1-
caproyl-2-oleoyl-3-palmitoyl-sn-glycerol). (C) Tandem MS at 39.3 min:
1-oleoyl-2-stearoyl-3-butyroyl-sn-glycerol + 1-butyroyl-2-stearoyl-3-
oleoyl-sn-glycerol. (D) Tandem MS at 39.5 min: 1-stearoyl-2-oleoyl-3-
butyroyl-sn-glycerol + 1-butyroyl-2-oleoyl-3-stearoyl-sn-glycerol. For
abbreviation see Figure 1.



The optimization of the analytical conditions to improve
the separation of short-chain TAG containing one butyroyl or
caproyl group per molecule in the analyses with three
columns impaired the resolution and detection limit of acetate
TAG, especially those of X/X/2:0-isomers. The results ob-
tained with the two silica gel columns in series (Table 5) pro-
vided new data on the distribution of acetic acid in the short-
chain TAG. As a result, it was possible to demonstrate signif-
icant amounts of acetate in the sn-2-position of TAG
containing two short-chain FA or one short- and one medium-
chain FA. Previously, Itabashi et al. (38) had shown by chiral
phase HPLC that essentially all acetate was associated with
the sn-3-position of acetic acid-enriched TAG in molecular

distillates of butterfat. The TAG examined in their study,
however, were made up exclusively of two long-chain FA and
acetic acid. In the present work, acetic acid was found in the
sn-3-position of the TAG containing two long-chain FA in the
molecule. 

Collision-induced dissociation spectra. The improved res-
olution of the regioisomers realized in the present study per-
mitted much more accurate estimates of the relative ease of
cleavage of the FA from the primary and secondary positions
of the TAG. The relatively higher variation noted in the ion
ratios of the regioisomers in the present study, compared to
previous work (31), is probably due to the use of an auto-
mated MS/MS mode used in examining the large number of
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TABLE 4
Composition of Short-Chain TAG Containing One Acetyl, Butyroyl, or Caproyl Chain in Butterfat

ACN:DBa RRTb Major and (minor) molecular species of triacylglycerolsc Mol% RSD (%)g

28:0 1.010 NIh 0.054B 49.1
1.048 16:0/8:0/4:0c,d, 14:0/10:0/4:0c,d, 18:0/6:0/4:0c,d 0.051B 21.3

30:1 1.018 NI 0.068B 8.3
30:1 1.048 18:1/8:0/4:0c,d, 16:0/10:1/4:0c,d, 12:1/14:0/4:0c,d, 12:0/14:1/4:0c,d, 14:0/12:1/4:0c,d 0.100B,C,D 29.2
30:0 1.000 NI 0.126B 9.2

1.033 16:0/10:0/4:0c,d, 14:0/12:0/4:0c,d, 18:0/8:0/4:0c,d 0.455B,C,D 14.7
1.223 18:0/10:0/2:0c,d, 16:0/12:0/2:0c,d,14:0/14:0/2:0c 0.035C,D 57.4

32:1 1.000 NI 0.061B 11.9
1.028 18:1/10:0/4:0c,d, 16:0/12:1/4:0c,d, (16:1/12:0/4:0c,d, 14:1/14:0/4:0c,d) 0.359B,C,D 7.7

32:0 0.987 NI 0.315B(A) 12.3
1.018 16:0/12:0/4:0c,d, 14:0/14:0/4:0c, 18:0/10:0/4:0c,d 1.093B,C,D(A) 6.7

34:1 1.000 NI 0.288B(A) 9.5
1.015 16:0/14:1/4:0c,d, 18:1/12:0/4:0c,d, 16:1/14:0/4:0c,d 0.517B(A) 4.1

34:0 0.977 16:0/12:0/6:0c,d, 14:0/14:0/6:0c (18:0/10:0/6:0c,d) 0.894B(A) 5.4
1.005 16:0/14:0/4:0c,d, 18:0/12:0/4:0c,d 1.371B(A) 12.6

36:1 0.977 NI 0.575B(A) 8.1
1.005 18:1/14:0/4:0c,d, 16:1/16:0/4:0c,d (18:0/14:1/4:0c,d) 0.716B(A) 4.5

36:0 0.970 16:0/14:0/6:0c,d (18:0/12:0/6:0c,d) 2.227B,A 9.4
0.995 16:0/16:0/4:0 (14:0/18:0/4:0c,d) 2.130B(A) 14.1

38:2 0.977 NI 0.244B 19.6
1.008 18:2/16:0/4:0c,d 0.807B(A) 9.0

38:1 0.967 18:1/14:0/6:0c,d, 16:1/16:0/6:0c,d 0.908B 12.0
0.992 18:1/16:0/4:0c,d 4.210B 19.7

38:0 0.949 18:0/14:0/6:0c,d, 16:0/16:0/6:0c 2.062B,A 5.0
0.962 18:0/16:0/4:0c,d 1.261B,A 15.3

40:2 0.970 NI 0.341B 12.3
40:2 0.990 18:1/18:1/4:0c 1.376B,A 23.4
40:1 0.960 18:1/16:0/6:0c,d 1.671B,A 7.7

0.982 18:1/18:0/4:0c + 18:0/18:1/4:0c 3.416B,A 3.9
40:0 0.955 18:0/16:0/6:0c,d 0.447B 14.0

0.980 18:0/18:0/4:0c 1.019B 8.2
42:2 0.955 18:1/18:1/6:0c 0.694B,A 2.8
42:1 0.952 18:1/18:0/6:0c 2.127A(B) 4.5

NI, 31:0, 33:0, 35:1, 35:0, 37:1, 37:0, 39:1, 39:0 2.680
34.700

aThe number of acyl group carbons:the number of double bonds.
bRelative retention time.
cRegiospecific analysis indicates a mixture of enantiomers L/L′(M)/S + S/L′(M)/L. The enantiomers L/L′(M)/S, which are more consistent with the results of
stereospecific analyses (4–6), are shown.
dMixture of reverse isomers L/L′(M)/S and L′(M)/L/S. 
eThe mol percentage was calculated by normalizing the sum of the mean of n(mol) for each molecular species of triacylglycerols with one butyroyl or
caproyl chain measured in fractions A (n = 4), B (n = 4), C (n = 5), and D (n = 3) to give the total proportion of 34.7 mol% determined by GC (37).
fA, B, C, or D after the value for mol% indicates the fraction of silica gel fractionation, where the molecular species was measured. Parentheses express that a
minor part of the molecular species was measured in the fraction in question.
gRelative standard deviation (RSD) (%) determined for the silica gel fraction, where the major part of the molecular species was measured (n = 4, fractions A
and B; n = 5, fraction C). 
hNot identified.



TAG species by tandem MS. The differences in the ion ratios,
however, were so distinct that differentiation between regio-
isomers in butterfat fractions never became a problem. It
should be noted that in LC–MS the observed reverse isomer
ratio is dependent on the time point of MS/MS measurement.
In automated MS/MS mode, the timing and identification of
the reverse isomers of short-chain TAG is random, and reso-
lution is not sufficient to allow quantitative estimation. On
the average, our ion ratios are higher than those reported for
long-chain TAG in ESI–MS by Marzilli et al. (30) and Han
and Gross (27), in APCI–MS by Mottram and Evershed (21),
and CI–MS by Myher et al. (15), as well as in NICI–MS by
Kallio and Currie (16). 

Quantitative estimation of TAG. Regioisomers of short-
chain TAG of butterfat have not been quantified before by MS
methods. Other methods have until now failed to provide
quantitative data for short-chain TAG of butterfat.

Specifically, difficulties have been experienced in using by
NICI–MS/MS methods for estimating regioisomers of TAG
containing two C8 FA per molecule (18). Fragmentation was
less specific in the case of the TAG with a single 8:0 residue
than in the case of TAG with two 8:0 residues. This finding
made the exact quantification of this type of regioisomer in
an unknown mixture impossible, although the predominant
isomer could still be estimated, provided its proportion ex-
ceeded 50%. Similar difficulties are expected in the analysis
of regioisomers of short-chain (C4, C6) TAG. In principle, the
quantification of regioisomers of short-chain TAG should be
possible by LC–APCI–MS, but relative to the present ESI

method, more complicated calibration would be needed for a
high number of regioisomer pairs, including response factors
of [M + H]+, up to three [M – RCOO]+ and acyls for each re-
gioisomer, and an algorithm for calculation of quantities.
Probably owing to these complications, Mottram and Ever-
shed (13) have recently reported only qualitative HPLC–
APCI–MS data on milk fat TAG, while Mottram et al. (23)
were able to obtain quantitative data on regioisomers of long-
chain TAG of animal fat TAG. Application of the positive
ESI–MS/MS method of Han and Gross (27) in the quantifica-
tion of regioisomers of butterfat short-chain TAG would also
need additional extensive calibration data. 

The improved resolution of the regioisomers also permit-
ted an improved determination of the different response fac-
tors, which varied with the chain length and degree of unsat-
uration of the FA chains and their association. In specific pre-
vious instances, this shortcoming has been overcome by
employing various curve-fitting methods to correct for mass
overlaps, chain length, degree of unsaturation, and the iso-
tope effect (18,19,27). Although the present method also re-
quires these corrections, they can be obtained from direct
measurement, rather than from extrapolations. The improved
resolution of regioisomers increased the reliability of the de-
termination of MCF by allowing the examination of a much
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TABLE 5
Area Proportions of Identified Regioisomer Species of Acetate TAG 
in Butterfata

Major and (minor) X/X/2:0 X/2:0/X
ACN:DBb RRTc molecular species area%f area%f

24:1 1.481 18:1/2:0/4:0 2.3D

1.609 4:0/18:1/2:0 0.2D

22:0 1.579 16:0/4:0/2:0. 0.6D

24:0 1.451 18:0/2:0/4:0 1.2D

1.510 12:0/10:0/2:0, 2.9D

14:0/8:0/2:0
1.549 16:0/6:0/2:0, 2.1D

6:0/16:0/2:0
26:1 1.550 18:1/6:0/2:0, 2.5D

14:0/10:1/2:0
26:0 1.332 16.0/2:0/8:0 3.2C

1.472 14:0/10:0/2:0, 7.0D

(12:0/12:0/2:0)
1.510 16:0/8:0/2:0, 8.0D

18:0/6:0/2:0
28:1 1.332 18:1/2:0/8:0 2.8C

1.538 18:1/8:0/2:0 3.2C(D)

28:0 1.434 16:0/10:0/2:0, 23.5C

18:0/8:0/2:0
30:1 1.488 18:1/10:0/2:0 10.4C

30:0 1.455 16:0/12:0/2:0, 30.1C

(18:0/10:0/2:0)
Sum 90.5 9.5

aArea proportions of identified regioisomer species of acetate TAG in butter-
fat determined by HPLC–ESI–MS/MS using two silica gel columns in series.
bThe number of acyl group carbons:the number of double bonds.
cRelative retention time.
fC and D after the value for area% indicate the fraction of silica gel fraction-
ation, where the regioisomer species was measured. Parentheses express that
a minor part of the molecular species was measured in the fraction in ques-
tion.

FIG. 7. Structural analysis of the acyl chain isomers of acetate TAG 24:0
in butterfat. (A) EIC of ammonium adduct of the TAG 24:0, m/z 488. (B)
Tandem MS at 41.3 min: 1-stearoyl-2-acetyl-3-butyroyl-sn-glycerol + 1-
butyroyl-2-acetyl-1-stearoyl-sn-glycerol. (C) Tandem MS at 42.5 min: 1-
lauroyl-2-caprioyl-3-acetyl-sn-glycerol + 1-acetyl-2-caprioyl-3-lauroyl-
sn-glycerol. (D) Tandem MS at 43.0 min: 1-myristoyl-2-capryloyl-3-
acetyl-sn-glycerol + 1-acetyl-2-capryloyl-3-myristoyl-sn-glycerol. (E)
Tandem MS at 43.9 min: 1-palmitoyl-2-caproyl-3-acetyl-sn-glycerol +
1-acetyl-2-caproyl-3-palmitoyl-sn-glycerol. For abbreviation see Figure 1.

 



larger number of regioisomers. A linear response was found
for 42 pairs of regioisomers in 20 interesterified mixtures of
standards. MCF varied widely among molecular species as
well as between regioisomers. MCF and ACN showed a poly-
nomial relationship in six classes of TAG containing short-
chain FA in the sn-2- or sn-1(3)-position. 

The present results differ from those obtained on the basis
of silver ion solid-phase extraction and high-temperature
GLC by Kemppinen and Kalo (37), who found the proportion
of sn-2-butyrate isomers to vary between 0 and 10% and to
be on the average 1.4% in the TAG containing one short acyl
chain. That of sn-2-caproate isomers varied between 0 and
17% but was on the average only 0.3%. In the present study,
sn-2-short-chain regioisomers L/4:0/L(M) and L/6:0/L(M)
were not identified in butterfat. Comparison of relative reten-
tion times of standard mixtures showed that those of isobaric
L/4:0/L- and L/L/6:0-species differed only slightly. It is there-
fore possible that small amounts of L/4:0/L-species had be-
come eluted in the peak quantified as L/L/6:0-species. The
CID spectra of 3 L/L/6:0-isomers showed very low abun-
dance for ions, which could have been formed by cleavage of
butyric acid from any coeluting L/4:0/L-isomers, while in
other L/L/6:0-isomers, the respective ion was not detected at
all. This suggests that the L/4:0/L-isomers are present, if at
all, in trace amounts only.

Other unexpected complications arose from the observa-
tion that the MCF of isomeric saturated short-chain TAG var-
ied depending on the overall symmetry of the TAG molecule.
Thus, the MCF of asymmetric L/S/L′-isomers were consis-
tently higher than those of the corresponding symmetric
L/S/L-isomers. The greater the difference of the length of L
and L′, the higher the MCF. This suggests easier ionization of
symmetric than asymmetric TAG under soft ionization condi-
tions. In monounsaturated TAG, the MCF of 18:1/4:0/12:0
was more than twice that of 16:1/4:0/14:0. Similar, but not as
distinct differences were observed among L/L′/4:0-isomers:
The greater the chain-length difference between the acyl
chains in the primary positions, the higher the MCF. 

The regioisomer ratio of butterfat TAG containing two
short acyl chains per acylglycerol molecule has not been in-
vestigated previously. Myher et al. (39) identified and quanti-
fied the area percentages obtained by LC–MS and
HPLC–ELSD for various short-chain TAG-species including
L/S/S- and S/L/S-regioisomers, but not those originating from
the same molecular species. Gresti et al. (40) used GLC of
TAG and FAME analysis to characterize short-chain TAG
subfractions obtained by RP-HPLC to identify several molec-
ular species in the above category, but provided no informa-
tion on regioisomers. Although the molar proportion of TAG
containing two short acyl chains per molecule is approxi-
mately1% of total TAG and approximately 3% of short-chain
TAG, the presence of 90.5% of L/S/S′ + L/S/S- and 69% of
L/6:0/4:0-isomers along with S/L/S′ + S/L/S as regioisomers
contributes significantly to the overall asymmetry of the FA
distribution in the short-chain TAG of butterfat. The overall
percentage of butyric acid esterified in the sn-1- (0.1), sn-2-

(0.7), and sn-3- (99.2%) positions calculated from all identi-
fied short-chain TAG, is similar to the results of stereospe-
cific analyses, except for the absence of butyric acid from the
sn-1-position. Stereospecific analyses have indicated very
low or zero percentage of butyric acid in the sn-2-position
(4,5,41,42) and 1H NMR data exclusion of butyric acid from
the sn-2-position (43). Likewise, the percentages of caproic
acid esterified at the sn-1- (0.5), sn-2- (6.1), and sn-3-posi-
tions (93.4%) resemble the results of stereospecific analyses
(41), except for the absence of caproic acid from the sn-1-po-
sition. The detection of small amounts of tributyroylglycerol
(0.0097%) and tricaproylglycerol (0.0188%) would also bol-
ster the content of these short-chain acids in the sn-1- and sn-
2-positions.

Significance of the results. The knowledge of the regioiso-
mer distribution of FA in butterfat has a direct bearing on the
understanding of milk fat biosynthesis and its digestion in the
gastrointestinal tract and absorption by the intestine. The
preferential attack of the lingual and gastric lipases upon the
short-chain FA in the butterfat TAG followed by isomeriza-
tion results in the formation of MAG- and DAG, which are
subject to differential further hydrolysis by pancreatic lipase.
The intestinal uptake and resynthesis of the regioisomeric
lipolysis products determines the relative resynthesis of the
milk fats via the monoacylglycerol and phosphatidic acid
pathways, which determines their metabolic utilization. Like-
wise, the FA distribution and molecular association affects
the dietary utilization of structured TAG synthesized to mimic
milk fat TAG. The MS methodology developed in this study
should be applicable also in studies on the interesterification
and acidolysis reactions of milk fats and other fats used to im-
prove their industrial and metabolic properties. 
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Sir: 
Although the role of individual FA in cancer has been poorly
investigated (1), a number of recent prospective epidemiolog-
ical and case–control studies have shown a positive relation-
ship between α-linolenic acid (ALA) in diet or blood and
prostate cancer (2–8). In contrast, other epidemiological stud-
ies have found no significant relationship between ALA in
diet, blood, or adipose tissue and prostate cancer (9–15). The
association between ALA and prostate cancer has been re-
viewed recently by Attar-Bashi et al. (16), Brouwer et al.
(17), and Astorg (18). 

We have previously discussed the reliability of dietary as-
sessment methods, such as food frequency questionnaires, in
accurately capturing the intakes of certain nutrients, includ-
ing ALA (16). One of the difficulties with dietary ALA is that
food databases are unlikely to be up-to-date or to contain suf-
ficient detail to reflect the ALA level in different foods, such
as margarines. Indeed, of 13 margarines analyzed, reflecting
all the major manufacturers in Australia, the ALA content
varied from 0.2 to 5.9% of total margarine FA (19). Another
issue is that the major food sources of ALA differ consider-
ably among countries. In the United States, fats and oils pro-
vide 59% of dietary ALA (20), whereas fats and oils con-
tribute only 16% of the total ALA intake in Australia (21).

Implicit in the epidemiological studies reported above is a
causal relationship between dietary and/or plasma ALA and
the incidence of prostate cancer. This raises several questions.

(i) Do dietary and/or plasma ALA levels reflect the ALA
level in prostate tissue? To our knowledge, no studies have
examined whether a relationship exists between the level of
ALA in plasma and ALA in the prostate gland, apart from a
pilot study by our group that did not find any significant rela-
tionship in 28 subjects undergoing exploratory surgery for
prostate cancer (22). 

(ii) Does the prostate accumulate ALA? We have found
only three reports that discuss human prostate FA levels
(13,23,24). Of these, only two have reported ALA levels in
the prostate tissue, with values ranging from 0.5 to 2.7% of
total FA (13,23). One of these studies showed that the ALA
levels in prostate tissue were significantly lower in the pa-
tients with advanced cases of prostate cancer than in the con-
trol subjects (13). This finding would appear to be opposite
that predicted by the epidemiological studies just mentioned.
We have measured the FA content of prostate tissue in 20 sub-
jects undergoing exploratory surgery (transurethral resection

of the prostate) to aid in their diagnosis (25). All subjects
were diagnosed with benign hyperplasia of the prostate on a
subsequent histological examination. The main lipids in the
tissue were TAG and phospholipids (PL), and in both frac-
tions the levels of ALA were found to be very low in relation
to the total n-3 PUFA. The proportion of ALA in the PL frac-
tion was 0.03 ± 0.02% of total PL FA, whereas the proportion
of total n-3 PUFA was 5.3 ± 0.9% of total FA. In the TAG
fraction, the proportion of ALA was 0.5 ± 0.3% of the total
TAG FA compared with a total proportion of n-3 PUFA of 2.5
± 1.0%. The total ALA content of the prostate tissue was 0.3
mg/100 g tissue compared with a total n-3 PUFA content of
36 mg/100 g tissue. These data show that, as in many other
human tissues, ALA is present in very low proportions com-
pared with total n-3 PUFA. In our analyses, the main n-3
PUFA in the prostate tissue were 22:5n-3 and 22:6n-3 (25),
which is consistent with what we reported in the dog (26), the
only other mammal to develop prostate cancer spontaneously
(27). The n-6 PUFA content of the human prostate tissue was
five times that of the n-3, with the main n-6 PUFA being
arachidonic acid (25).

(iii) What is the situation with breast and colon cancer? A
recent study reported that a low ALA content in the breast
adipose tissue was associated with an increased risk of breast
cancer (28), whereas another study reported a significant re-
duction of risk for women in the highest tertile of both ALA
and 22:6n-3 in breast adipose tissue (29). Another study,
based on dietary data, found that both ALA and cholesterol
intakes were significantly positively associated with an in-
creased risk of breast cancer (30). A recent study reported
that, in contrast, marine n-3 FA were inversely related to post-
menopausal breast cancer in Chinese women from Singapore
(31). The same group reported that women possessing high-
activity genotypes of glutathione S-transferases showed no
significant reduction in breast cancer risk (32). The authors
suggested that the women in the high-activity genotype may
have increased detoxification of hydroperoxides from the
long-chain n-3 PUFA, leading to a reduction in possibly cyto-
toxic lipid oxidation products. 

Clinical, case–control, and cohort studies have investi-
gated the relationship between levels of ALA in the diet,
plasma, and mucosal tissue and the risk of colorectal cancer
in humans. Two studies found lower plasma or mucosal ALA
levels in patients with cancer compared with controls (33,34),
whereas six studies found no relationship between measures
of ALA in the diet, blood, or mucosa and the risk of colon
cancer (35–40). One study found a significant increase in
ALA intake in subjects at high risk of colorectal cancer; how-
ever, no difference was found in the proportion of ALA in the
plasma when compared with normal subjects (35). 

Copyright © 2004 by AOCS Press 929 Lipids, Vol. 39, no. 9 (2004)

Paper no. L9615 in Lipids 39, 929–932 (September 2004).
Abbreviations: ALA, α-linolenic acid; 13-HODE, 13-hydroxyoctadeca-
dienoic acid; PL, phospholipid.

LETTER TO THE EDITOR

α-Linolenic Acid and the Risk of Prostate Cancer

 



(iv) Is there a plausible biological mechanism by which
ALA promotes prostate and other cancers? To our knowl-
edge, there is no evidence that ALA metabolites, other than
EPA and DHA, are formed in humans. Studies in animals and
humans show that ALA is subject to extensive β-oxidation
(41) and also that it is deposited in the adipose tissue and skin
in animals (41). Hydroxy PUFA derivatives, such as 13-hy-
droxy-octadecadienoic acid (13-HODE), are known to be
formed in mammals from linoleic acid via a lipoxygenase re-
action (42). Perhaps ALA competes with linoleic acid, lead-
ing to a reduction in 13-HODE production. Pasqualini et al.
(43) have suggested that 13-HODE and other hydroxy-PUFA
might be related to the metastatic potential of cells. It is pos-
sible that ALA is also metabolized to hydroxy FA in mam-
mals, since in plants, ALA is extensively metabolized by 15-
lipoxygenase to a variety of active compounds (41). Most in
vitro studies show no evidence of ALA promoting tumor cell
growth; rather, they have shown that ALA and other n-3
PUFA inhibit the growth of prostate cancer cells in vitro
(44,45). Studies in animals have shown that diets rich in
ALA inhibit the growth of spontaneous or carcinogen-in-
duced mammary tumors in animals (46–48) and inhibit the
proliferation of human mammary tumor cells in vitro
(49,50).  

(v) Is it possible that ALA is a marker of another com-
pound(s), found associated with ALA in foods, that is re-
sponsible for the associations seen in these epidemiological
studies? In countries where there is widespread partial hy-
drogenation of ALA-containing oils, such as in the United
States, it is possible that a strong association exists between
ALA and trans isomers of ALA and other FA. Another pos-
sibility is that ALA may be a marker for lipids from the non-
saponifiable fraction of oils and fats, such as the sterols, hy-
drocarbons, and tocopherols. This aspect has received no at-
tention in the published literature. 

A recent pilot study in 15 men found that 6 mon of sup-
plementation of their diet with 30 g of flaxseed daily (equiv-
alent to approximately 5 g ALA/d) significantly reduced the
circulating levels of prostate-specific antigen and the prolif-
eration rates in the benign prostate epithelium (51). This pilot
study is consistent with data from animal and cell-line stud-
ies showing a positive association between flaxseed or
flaxseed lignans with the inhibition of growth and develop-
ment of prostate cancer (52,53).

It is of interest that in a number of the studies cited above,
the ALA longer-chain metabolites, 20:5n-3 and 22:6n-3,
were associated with a reduced risk of prostate cancer (2) and
breast cancer (31). It is difficult to rationalize how the parent
n-3 FA (ALA) could be positively associated with certain
cancers whereas the ALA metabolites (20:5n-3 and 22:6n-3)
were protective against these same cancers, unless ALA is
metabolized to an as yet undescribed novel metabolite.

We conclude that more basic research is needed before
any conclusions can be drawn regarding the association be-
tween this essential nutrient and prostate and other cancers. 
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ABSTRACT: Alkyl and fatty acid glycosides have become of
great commercial interest in general and specifically for the
pharmaceutical, cosmetic, and food industries. Natural surfac-
tants are good sources for future chemical preparation of these
glycosides. This review article shows an astonishing diversity of
natural surfactants that could be used in laboratories and indus-
try. More than 250 natural surfactants, including their chemical
structures and biological activities, are described in this review
article.

Paper no. L9640 in Lipids 39, 933–953 (October 2004).

Many of the natural surfactant compounds are biological-
chemical complexes that include molecules of fatty (car-
boxylic) and dicarboxylic (dioic) acids, fatty acid amides,
alkylglycosides, lactones, and sugar molecules, which are
connected by chemical bonds (1). Surfactants are molecules
that have both a polar hydrophilic part and a nonpolar
lipophilic part. They are adsorbed between phases of differ-
ent natures and thus lower the interfacial tension between the
phases. For this reason, surfactants are used as stabilization
agents of emulsions or emulsifiers. The term hydrophile–
lipophile balance (HLB) was first suggested by Clayton (2)
in 1943 and refers to the balance in size and strength between
the hydrophilic and lipophilic portions of a surfactant. Later,
Griffin (3,4) developed the empirical concept of an HLB
value for surfactants or emulsifiers on the basis of the solubil-
ity of these agents in water. These chemical complexes can
also comprise other moieties such as flavonoids, iridoids,
quinones, anthraquinones, carotenoids, steroids, and other
molecular structures (1–15). Contemporary trends in the dis-
covery of drugs from natural products emphasize investiga-
tion of the terrestrial and marine environments to yield nu-
merous highly active compounds (5–7). 

Low- and high-molecular-weight natural biosurfactants
(fatty [or carboxylic] acid glycoside esters) are of great inter-
est because of their physicochemical and biological proper-
ties, which can be exploited in the oil, food, cosmetic, and
pharmaceutical industries (14,16). As for the general types of
microbial amphiphiles, the data accumulated over recent
years add to already well-known compounds another new in-

teresting molecular structure. Fatty acid glycosides are active
amphipathic molecules with hydrophobic and hydrophilic
moieties. Surfactants constitute an important class of indus-
trial chemicals widely used in modern industry (13,16). It is
well established that many macrolactone glycosides are nat-
ural antibiotics that are used as antimicrobial agents in both
clinical and veterinary medicine (15). Glyceroglycolipids and
glycophospholipids have been reviewed recently (8) and are
not included in this review except for some recent publica-
tions. Also we have not included methods for the synthesis
and application of surfactants, as this field is well described
in many books and review articles (see, for example, Refer-
ences 6, 11, 13, 14, and 16 and references cited in these pa-
pers).

The term natural surfactant is not unambiguous. In the
strictest sense, this means that a natural surfactant is a surfac-
tant taken directly from a natural source (14). The source may
be a microorganism, plant, invertebrate, or an animal and the
product should be obtained by some kind of separation pro-
cedure such as extraction, precipitation, or distillation. No or-
ganic synthesis should be involved, not even as an after-treat-
ment. There are, in fact, not many surfactants in use today that
fulfill these requirements. Different glycolipids, obtained
from either plants or animals, are probably the best examples
of truly natural surfactants.  

In this review the term natural surfactant is used in its
broadest sense. The article covers true, natural surfactants that
were isolated from natural sources. Only glycosides of fatty
(carboxylic) acids and alcohols with a well-defined structure
are included.

GLYCOSIDES OF FATTY ACIDS

A great number of simple glycolipids are found in bacteria,
yeasts, and lower marine invertebrates. These compounds are
composed of a glycosyl moiety (one or several units) linked
to a hydroxyl fatty acid or to one carboxyl group of a fatty
acid (ester linkage). These compounds frequently possess in-
teresting physical or biological properties (3,14,16).

The lipid composition of Roseiflexus castenholzii, a ther-
mophilic filamentous phototrophic bacterium related to un-
cultivated filamentous phototrophic bacteria that predominate
in hot-spring microbial mats, was reported (17). Roseiflexus
castenholzii lipid extracts were dominated by components
characterized by alkane-1-ol-2-alkanoate moieties 1–4 glyco-
sidically bonded to a C6 sugar. Similar fatty glycosides, with
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an additional esterified fatty acid, were detected by HPLC-
MS. In lipid extracts from the two nonsulfidic hot-spring mi-
crobial mats, similar alkane-1,2-diol-based lipids were de-
tected in minor amounts. Roseiflexus castenholzii lipids are
comparable to lipids of mats and other thermophilic mat iso-
lates.

The determination of chemical structures of five novel
compounds, that is, one multibranched polyunsaturated fatty
acid (2E,4E,7S,8E,10E,12E,14S)-7,9,13,17-tetramethyl-7,14-
dihydroxy-2,4,8,10,12,16-octadecahexaenoic acid) and its
four glycosides, 5–8, from seven different myxomycetes, was
described (18). The glycosides contain glucose, mannose, and
rhamnose only. Three of them were identified in Arcyria
cinerea, two in A. denudata, and A. nutans, Fuligo septica,
Lycogala epidendrum, Physarum polycephalum, and Trichia
varia contained one of the identified glycosides each (18).
Fatty acid glucuronides 9–12 have been isolated from human
liver as products of the action of UDP-glucuronosyltrans-
ferases and liver microsomes (19). Formation of fatty acid
glucuronides 9–12 in human liver is shown in Scheme 1.

Řezanka and Dembitsky (20) found eight new brominated
oxylipins, including two brominated glycosides, 13 and 14.

These compounds were isolated from the Red Sea inverte-
brates Dendrophyllia sp., Dendronephthya sp. (red variety),
Dendronephthya sp. (yellow variety), and Tubipora musica
and gave positive results in a brine shrimp toxicity assay, a
sea urchin eggs test (Paracentrotus lividus), and a crown gall
tumor on potato disks test (Agrobacterium tumefaciens).

Tuberonic acid glucoside 15 and tuberonic acid glucoside
methyl ester 16 were detected in the leaves of Solanum
tuberosum (21). This was the first report of the isolation fatty
acid glucosides from potatoes; 16 was also detected in
Jerusalem artichoke (22,23) and 17 was isolated from Salvia
officinalis (24). 
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Four hydroxy fatty acid glucosides, 18–21, were found at
the time of ripening of the fruits of Persoonia lenearis × pini-
folia (Proteacea) grown in Australia (25). The monoterpene
glucoside ester 22 has been isolated from the leaves of the
medicinal plant Lantana lilacia, used in the treatment of bron-
chitis (26). 2,6-Dimethyl-6-O-β-L-quinovo-pyranosyl-7-oc-
tadecanoic acid 23 has been isolated from the seeds of the Al-
bizia procera (27). Albizia procera, belonging to the Legumi-
nosae family and commonly known as “Safe Siris” in Hindi,
is widely distributed in India. Ethyl 3-O-β-D-glucopyranosyl-
butanoate 24 and butyl-O-3-β-D-glucopyranosyl-butanoate 25
were found in fruits of papaya, Carica pubescens (28). 

Bioassay-directed fractionation for Staphylococcus aureus
multidrug resistance efflux pump inhibitors resulted in isola-
tion of novel acylated neohesperidosides 26 from Geranium
caespitosum (29). The more highly acylated compounds had

no direct activity against S. aureus, but potentiated activity of
the antibiotics berberine, rhein, ciprofloxacin, and nor-
floxacin. Cellular concentrations of berberine were greatly in-
creased in the presence of active fatty acid esters. 

Two novel glycolipids, emmyguyacin A 27 and emmyguy-
acin B 28, were isolated from a potato dextrose agar fermen-
tation of a sterile fungus species. The compounds inhibit
replication of influenza A virus (A/X31) in MDCK cells by
inhibiting the pH-dependent conformational change of
hemagglutinin A (IC50 9 µM) (30).

Many glucose and sucrose esters bearing a range of short-
to medium-chain fatty acyl (usually C2 to C5) substitution
patterns are known in the surface exudates from leaves of the
Solanaceae genera: Datura (31), Lycopersicon (32), Nico-
tiana (33–36), and Solanum (37). It has been demonstrated
that sucrose esters are formed in the glandular trichomes in
tobacco leaves (38). These leaf surface lipids have biological
activity against plants and microorganisms (39). It was re-
ported that sucrose esters in leaf surface lipids of Petunia hy-
brida contain straight-chain fatty acids from C4 to C8 in addi-
tion to methylbutyryl groups (40). Investigations of leaf lipids
of budworm-resistant tobacco revealed for the first time the
presence of sucrose esters of fatty acids (33); saponification
yielded sucrose and a series of C2 to C8 aliphatic acids, the
major acids being acetic, 2-methylbutyric, and 3-methylva-
leric acids. The major isomers are composed of an acetyl
group (R2) and three 3-methylvaleryl groups (R, R1, and R3)
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esterified to three hydroxyl groups of sucrose. Other short-
chain acids are also present (propionic, butyric, valeric,
caproic, methylcaproic, and heptanoic acids) (33). 

The 2,3,4-triacyl sucrose esters of fatty acids (SEFA) have
been isolated from Datura hirsutum f. (41) and Nicotiana
glutinosa (42); 2,3,4-, 2,3,6-, and 2,3,1′-triacyl SEFA were
found in Lycopersicon peruvianum, Nicotiana tabacum,
Salanum berthaultii, and Petunia multiflora nana (33,34,43);
2,3,4,6-, 2,3,4,1′-, and 2,3,4,3′-, 2,3,6,3′-tetraacyl SEFA iso-
lated from Datura hirsutum f., Nicotiana glutinosa, N.
tabacum, Petunia multiflora nana, Salanum berthaultii, and S.
neocardenassi (33,34,43–45). A rare type of 2,3,4,6,3′-pen-
taacyl SEFA has been isolated from Nicotiana acuminata [46].

The 2,3-diacyl glucose was found in Datura metel (31),
and 1,2,3- and 2,3,4-triacyl glucose were isolated from
Solanum aethiopsicum (47), Lycopersicon pennellii (48), and
Nicotiana acuminata (46). 1,2,3,4- and 2,3,4,6-tetraacyl glu-
cose have been isolated from Nicotiana acuminata (46) and
N. tabacum (33); also a rare type of 1,2,3,4,6-pentaacyl glu-
cose was found in  Nicotiana acuminata (46).

SEFA are produced in large amounts in commercial manu-
facturing equipments as surfactants for the food industry
(13,16). SEFA are nonionic surfactants consisting of a sugar
(e.g., glucose or sucrose) as the hydrophilic group and a fatty
acid as the lipophilic group. SEFA have broad applications in
the food industry, cosmetics, detergents, oral-care products, and
medical supplies (49), and they are also tasteless, odorless, non-
toxic, nonirritating to the eyes and skin, and biodegradable (50).

Some interesting sucrose derivatives produced by colonies
of sea pork, Aplidium, have been found recently. Shimofu-
ridin A 29 is a cytototoxic metabolite of mixed biosynthesis
from an Okinawan tunicate A. multiplicatum (51). Similar
fatty acid sucrose derivatives, shimofuridin B–G 30–35, are
minor metabolites from the same organism (52). 

RHAMNOLIPIDS

Biosurfactants containing rhamnose and β-hydroxydecanoic
acid and called rhamnolipids 36–41 with respect to microbial
producers, their physiological role, biosynthesis and genetics,
and especially their microbial overproduction, physicochemi-
cal properties, and potential applications, have been reviewed 

recently (53–58). Glycolipids containing rhamnose and β-hy-
droxydecanoic acid were found for the first time by
Bergstrom et al. (59) in Pseudomonas pyocyanea after growth
on glucose. This was achieved by Jarvis and Johnson (60),
who demonstrated a glycosidic linkage of β-hydroxydec-
anoyl-β-hydroxydecanoate with two rhamnose molecules
after cultivation of Pseudomonas aeruginosa on 3% glycerol
and isolation of the product. However, the linkage between
the two sugar units remained unclear. The structure was elu-
cidated by Edwards and Hayashi (61), who were able to
demonstrate a 1,2-linkage after periodate oxidation and
methylation. The 39 was found to be the only rhamnose lipid
produced when P. aeruginosa S7 B1 was cultivated on n-
hexadecane and n-paraffins (C14–C18) (62). An additional
new product, L-α-rhamnopyranosyl-β-hydroxydecanoyl-β-
hydroxy-decanoate, rhamnolipid 36, was isolated from a cul-
ture of P. aeruginosa KY 4025 with 10% n-alkane (63). Sim-
ilar rhamnose lipids, rhamnolipids I 38 and II 41, but with ad-
ditional acylation by α-decenoic acid, have been described
by Yamaguchi et al. (64). The methyl esters of the rhamnose
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lipids 36 and 39 were the main products of P. aeruginosa (65).
Two rhamnose lipids that are similar to 36 and 39 but contain
only one β-hydroxydecanoyl unit, rhamnolipids III 37 and IV
40, were detected after experiments with resting cells of
Pseudomonas sp. DSM 2874 (66,67). Further structural vari-
ants of the rhamnose lipids containing hydroxy fatty acids
with different chain lengths (C8, C12) have been enriched
from cultures of a clinical isolate of P. aeruginosa (68). How-
ever, it can generally be stated that the latter variants repre-
sent minor components.

The rhamnolipids produced by Pseudomonas aeruginosa
strains are often a mixture of several homologs. Up to seven
species with different saturated and unsaturated fatty acids:
C10:0, C12:0, C12:1, C12:2, and C8:2 of 38 and 40 have been
identified in cultures of P. aeruginosa AT10 (69). These com-
pounds show excellent antifungal properties against As-
pergillus niger and Gliocadium virens (16 µg/mL) and C. glo-
bosum, P. crysogenum, and A. pullulans (32 µg/mL), whereas
the growth of the phytopathogenic fungi Botrytis cinerea and
Rhizotecnia solani was inhibited at 18 µg/mL.

Mannosylerythritol lipids (MEL) 42–44, yeast glycolipids,
are one of the most promising biosurfactants already known
and are abundantly produced from vegetable oils by
Pseudozyma (previously Candida) antarctica T-34 to 47 g−−1

(70). MEL exhibits excellent surface-active and vesicle-form-
ing properties (71). They also induce cell differentiation in
human leukemia cells (70), rat pheochromocytoma cells (72),
and mouse melanoma cells (73). In addition, MEL was re-
cently demonstrated to act as a potential antiagglomeration
agent in an ice-water slurry system to be used for cold ther-
mal storage (74). MEL, an extracellular glycolipid from
yeast, induces the differentiation of HL-60 promyelocytic
leukemia cells toward granulocytes. It was shown that MEL
is also a potent inhibitor of the proliferation of mouse

melanoma B16 cells (75). n-Alkanes ranging from C12 to C18
were converted into glycolipid biosurfactants, mannosylery-
thritol lipids 42–44, by resting cells of Pseudozyma
(Candida) antarctica T-34 (76a).

A novel resin glycoside, cuscutic resinoside A 45, was iso-
lated along with five known compounds from the extract from
the seeds of Cuscuta chinensis (Convolvulaceae) (76b). The
structure was deduced from its spectral data as (11S)-hydroxy-
hexadecanoic acid 11-O-α-L-(4-O-2R,3R-nilylrhamnopyra-
nosyl)-(1→2)-O-α-L-rhamnopyranosyl-(1,2-lactone), forming a
unique 15-membered macrocyclic lactone. The compound sig-
nificantly stimulated not only MCF-7 cell proliferation but also
T47D human breast cancer cells at a concentration of 10 µM. 

TREHALOSE LIPIDS

Fatty acid glycosides contain a nonreducing disaccharise α-
D-trehalose occurring mainly in bacteria, fungi, algae, and in-
sects, in which it seems to have a role as an energetic reserve
compound (77). From lipids of Mycobacterium fortuitum (M.
minetti) were isolated 46 with palmitic acid and also small
amounts of saturated and saturated C19 and C20 acids (78).
Similar but unsymmetrical compound 47 was also found in
M. fortuitum (79). The occurrence of acylated trehalose 48 in
the lipids of Propionibacterium shermanii with myo-inositol
moiety was reported (80). Compounds 49 and 50, in which
α-D-trehalose acylated by micolic acids in the 6 and 6′ posi-
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tions, were isolated from the cultures of virulent strains of the
tubercle Bacillus sp. (81,82). Unusual lipids 51–53 and 54,55,
acylated by eight phleic acids, have been isolated from My-
cobacterium phlei cells (83).

Structures of the two sulfolipids 56 and 57 from virulent
tubercle bacilli were elucidated (84,85). A novel trisaccha-
ride glycolipid biosurfactant containing trehalose bearing
ester-linked hexanoate, succinate, and acyloxyacyl moieties,
58, has been isolated from a gram-positive terrestrial actino-
mycete Q (86). 

Fatty acid disaccharides 59–61, the 3-O-β-D-glucopyra-
nosyl-(1→6)-β-D-glucopyranoside of ethyl 3-hydroxyoc-
tanoate and the diastereomeric 3-O-α-L-arabinopyranosyl-
(1→6)-β-D-glucopyranosides of (3R) and (3S)-butyl 3-hy-
droxybutanoate, respectively, have been isolated from
Colombian fruits of cape gooseberry (Physalis peruviana)
(87). Glycosidically bound hydroxy acids: methyl 3-hydrox-
ybutanoate, ethyl 3-hydroxy-butanoate, ethyl 3-hydroxyhexa-
noate, butyl 3-hydroxybutanoate, ethyl 3-hydroxyoctanoate, 
ethyl 5-hydroxyoctanoate; methyl-branched: 2-methyl

propanoic acid, 2-methylbutanoic acid, geranoic acid, satu-
rated: butanoic acid, hexanoic acid, octanoic acid, decanoic
acid, hexadecanoic acid, and unsaturated fatty acid: 9-(Z)-oc-
tadecenoic acid have also been detected after enzymatic hy-
drolysis using a nonselective pectinase (Rohapect D5L) in
cape gooseberry (P. peruviana) (88).

The lower filamentous fungus Absidia corymbifera F-295
produced unusual glycolipids 62–67: 2-O-(6′-O-β-D-galac-
topyranosyl)-β-D-galactopyranosides of 2-D-hydroxy and
erythro-2,3-dihydroxy fatty acids C9, C11, and C13 (89).

SOPHOROLIPIDS

Sophorolipids are microbial extracellular surface-active gly-
colipids. Cells of the yeast Torulopsis bombicola produce
sophorolipids when they are grown on sugars, hydrocarbons,
vegetable oils, or their mixtures. First described by Tulloch

938 REVIEW

Lipids, Vol. 39, no. 10 (2004)



(90) in 1961, sophorolipids occur as a mixture of macrolac-
tone and free acid structures that are acetylated to various ex-
tents at the sophorose ring primarily in hydroxyl positions.
Sophorolipids consist of a disaccharide glucosically linked to
unsaturated ω- or (ω-1)-hydroxy C18 and C16 fatty acids.
Careful examination has revealed that at least eight struc-
turally different sophorolipids are produced 68–76 (91). The
main component is 17-hydroxyoctadecanoic acid and its cor-
responding lactone (92,93). The yeast Candida (Torulopsis)
bombicola ATCC 22214 secreted large amounts, up to 300
g/L–1, of sophorolipids 68–76 (94). Some sophorolipids also
were produced by Torulopsis apicola (95,96), T. petrophilum
(97), and Cryptococcus curvatus ATCC 20509 (98). Micro-
bial production of surfactants and their commercial potential
have recently been reviewed (99). 

Tsukamurella sp. DSM 44370, isolated from an oil-con-
taining soil sample, produced a high spectrum of di-77 and
78, tri-79,80, and tetrasaccharide 81,82 biosurfactant lipids
from exogenous carbon sources: sugars and fatty acids (100);
77–82 showed antimicrobial activity against gram-positive
and gram-negative bacteria Bacillus megaterium, Escherichia
coli, Ustilago viocea, and Chlorella fusca.

Noni, the common name for Morinda citrifolia L. (Rubi-
aceae), is a plant typically found in the Tahitian and Hawai-
ian islands (101). The bark, stem, root, leaf, and fruit have

been used traditionally for many diseases, including diabetes,
hypertension, and cancer (102,103), and all are mentioned as
Hawaiian herbal remedies. Compounds 83 and 84 were iso-
lated from fruits of this plant (104). β-1-O-Acyl-1,2-digluco-
syl glycoside 85 has been isolated from the membrane of a
gram-positive bacterium, Sarcina ventriculi (105). 

Unusual fatty acid glycosides 86–98 have been isolated
from the Mexican scamimony roots (false jalap) of Ipomoea
orizabensis (pelletan) (106). All isolated compounds inhib-
ited cell cervix carcinoma and ovarian cancer cell lines (ED50
= 4–20 µg/mL), but the stronger effect was found against oral
epidermoid carcinoma KB (ED50 = 1–5 µg/mL).

A nonlinear pentasaccharide resin glycoside soldanelline
A 99, which shows cytotoxic (UIDO, ED50 = 2 µg/mL) and
antibacterial activity against Bacillus subtilis (MIC = 14.7
µg/mL), has been isolated from the plant Calystegia sol-
danella (Convolvulaceae) (107). This plant is used in Por-
tuguese traditional medicine to cure hydropsy, paralysis,
rheumatism, and scurvy (108). 
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The unusual 3,11-dihydroxytetradecanoic acid 11-O-β-
quinovopyranosyl-(1→2)-β-glucopyranosyl-(1→3)-[α-rham-
nopyranosyl-(1→4)]-quinovopyranosyl-(1→2)-β-glucopyra-
nosyl-(1→2)-β-fucopyranoside 100 has been isolated from
the aerial parts of the Australian plant Ipomoea lonchophylla
(109). Many species of Ipomoea were and often still are used
in folk medicine in different parts of the world (110). Studies
on ethanolic extracts of these plants have reported antimicro-
bial, analgesic, spasmogenic, spasmolytic, hypotensive, psy-
chotomimetic, and anticancer effects (111). Fatty acid glyco-
sides 101–103 have been isolated from the seeds of Cuscuta
chinesis (Convolvulacea) or “Cuscula Semen,” well known
as a Chinese traditional medicine plant used as a tonic (112).
Seven new ether-soluble resin glycosides, 105–111, have
been isolated from whole plants of Ipomoea stolonifera (113).
These compounds were similar to the resin glycosides,
100–104 isolated previously from the plant Ipomoea lon-
chophylla (114). 

Antituberculosis resin glycosides 112–114, isolated from
the leaves of the native North American prairie plant Ipomoea
leptophylla (big root morning glory), showed in vitro activity
against Mycobacterium tuberculosis (115). The crude organic
extract of I. leptophylla showed 92% inhibition (150 µg/mL)
against M. tuberculosis in vitro in the antituberculosis assay
performed by the Tuberculosis Antimicrobial and Acquisi-
tion Coordinating Facility (TAACF). Compound 112 showed
13% inhibition when tested at 6.25 µg/mL. The potency of
112 is insufficient to warrant further biological assessment by
TAACF (100% protection at 6.25 µg/mL is required for a
pure compound). The bioassay results indicate that the cin-
namic acid residue is required for the observed antimicrobial
activity.
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BUTANOLIDE GLYCOSIDES 

Eight compounds 115–122 isolated from the extract of the
central Asian lichens comprised new glycosides and glyco-
side esters having 18R-hydroxydihydroallo-protoliches-
terinic, 18S-hydroxydihydroprotolichesterinic, and 18S-hy-
droxyneodihydro-protolichesterinic acids, as the aglycones
and a saccharide moiety linked at C-18 (115–122) and also at
C-21 (126–129) made by glucose, xylose, or rhamnose (116).
Eleven compounds isolated from the extract of the Central
Asian lichens comprised seven new glycosides 123–129 hav-
ing murolic, protoconstipatic, and allomurolic acids as the
aglycones and a saccharide moiety linked at C-18 (in
123–125) made up of one or two sugars (glucose and apiose
or rhamnose, xylose, or arabinose) (117). 

Three new glycoside butanolide derivatives having 18-hy-
droxy-dihydro-alloprotolichesternic, 18-hydroxy-neodihy-

droprotol chesternic, and 18-hydroxy-dihydroprotolichester-
nic acids as aglycones and a di- or trisaccharide moiety linked
at C-18 and at the carboxylic group have been isolated from
the lichen extract of Acarospora gobiensis grown in central
Asia. These compounds, called gobienines A 130, B 131, and
C 132, were found to be di- or trisaccharides forming a
macrolactone with the aglycone (116). 

SORBITAN ESTERS OF FATTY ACIDS  

Sorbitan fatty acid esters are called sorbitan ester, which origi-
nate from the esterification of sorbitol with fatty acids. They are
a mixture of sorbitol ester and sorbide ester, which are produced
simultaneously with sorbitan ester.  There are many types of sor-
bitan esters with different kinds of fatty acids and varying de-
grees of esterification. Those are generally used as emulsifiers
for creams and so on. Application is limited because special
characteristics, other than its emulsifying capability, are few;
however, it is widely used as a major emulsifier in combination
with other emulsifiers with different functions (14b,16).

Vulfson (118) studied enzymatic synthesis of sorbitan es-
ters and dehydration of sorbitol. According to resultant
GC–MS data, more than 60 individual compounds were
found, including various isomers of sorbitan, isosorbide
(1,4:3,6-dianhydro-D-glucitol), and their mono-, di-, and tri-
esters (for example, 133–138). It has also been shown that
sorbitan monolaurate dominated in reaction mixture. Struc-
tures of some identified dehydration products of sorbitol are
shown in Figure 1.
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FIG. 1. Some sorbitol products identified by GC-MS.

Recently, Kikuchi et al. investigated secondary metabolites
of the slime mold Dictyostelium discoideum and they found
two novel amino sugar analogs, furanodictine A 139 and B
140 (119). These are the first 3,6-anhydrosugars (N-deriva-
tives of isosorbide monoester 138) isolated from natural
sources. Their relative structures were elucidated by spectral
means, and the absolute configurations were confirmed by
asymmetric syntheses. The furanodictines 139 and 140 po-
tently induce neuronal differentiation of rat pheochromocy-
toma (PC-12) cells (119).

GLYCOSIDES OF FATTY ALCOHOLS

Alkylglycosides are surfactants that are arousing increased
interest for several applications because, in addition to their
excellent ecological and toxicological properties, they exhibit
interesting interfacial properties (13,14,16,120). A compre-
hensive physicochemical characterization of surfactants must
be based on our knowledge of not only their interfacial prop-
erties but also their phase behavior (121,122). Micellar ag-
gregation, cloud-point, and phase formation have been stud-
ied (123).

A series of simple alkylglycosides has been isolated from
different plant species. A small tree, Crescentia cujete L., is
distributed in south Asian countries and has spherical or
oval fruits. In Vietnam, the dried fruit is used in folk medi-
cine (local name, Dao Tien) as an expectorant, antitussive,
laxative, and a stomachic. The fruits of C. cujete, collected
in Long Thanh, Ba Ria-Vung Tau province (Vietnam), af-
forded eight new compounds, n-alkylglycosides 141–148
(124).

Free and glycosidically bound flavor compounds of
acerola (Malphigia glabra) fruit were isolated and identi-
fied by GC and GC–MS analysis. Among the 46 compounds
identified in the volatile fraction, the alcohols 3-methyl-but-
3-en-1-ol, 3-methyl-butan-1-ol, and 2-methyl-butan-1-ol
were predominant among alkylglycosides 149–156 (125).
Alkylglycosides 153 and 155 were also isolated from the es-
sential oil of the dried leaves of Origanum vulgare L. ssp.
hirtum (126). A new simple aliphatic glycoside, isopentyl-
gentiobioside 157, has been found in the cell cultures of
Lyco-persicon esculentum (127). Methyl β-D-apiofuranosyl-
(1→6)- β-D-glucopyranoside 158 and ethane-1,2-diol 1-O-
β-D-apiofuranosyl-(1→6)-β-D-glucopyranoside 159 were
isolated from the methanolic extract of cumin (fruit of
Cuminum cyminum L.) (128), and isopentenol 1-O-β-D-api-
ofuranosyl-(1→6)-β-D-glucopyranoside 160 was found in
the fruit of Bupleurum falcatum (129). An aliphatic alcohol
glycoside, lunaroside 1-octen-3-yl O-β-apiofuranosyl-
(1→6)-O-[β-glucopyranosyl-(1→2)]-β-glucopyranoside
161 was isolated from the aerial parts of Phlomis lunariifo-
lia (130). Monoterpene glycoside 162, in which a glucose
unit was attached to a menthiafolic acid methyl ester, has
been isolated during methanolysis of the leaves of Jas-
minum hemsleyi (131). 

Two new fatty acid glucosides, (3E,8Z)-8-carboxy-1-(O-
β-D-glucopyranosyl)-2,6-dihydroxytritriaconta-3,8-diene 163
and (8Z)-8-carboxy-1-(O-β-D-glucopyranosyl)-3,4-epoxy-
2,6-dihydroxytritriacont-8-ene 164, have been isolated from 
he root bark of Ochna calodendron, grown in southern
Cameroon (132). 
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Heterocyst glycolipids have been reported to take part in
the protection of the specialized cyanobacterial cells capable
of N2 fixation against the penetration of O2. Such glycolipids
have been isolated in a pure form from a cyanobacterium,
Nodularia harveyana, and their structures have been estab-
lished by spectroscopic and chemical means to be 1-(O-α-D-
glucopyranosyl)-3R,25R-hexacosanediol 165, 1-(O-α-D-glu-
copyranosyl)-3S,25R-hexacosanediol 166, and 1-(O-α-D-glu-
copyranosyl)-3-keto-25R-hexacosanol 167 (133). The
heterocyst glycolipids of the cyanobacterium Cyanospira
rippkae have been isolated and their structures established to
be 1-(O−α-D-glucopyranosyl)-3R,27R-octacosanediol 168
and 1-(O-α-D-glucopyranosyl)-27-keto-3R-octacosanol 169
(134). The akinetes of C. rippkae contain the same glycol-
ipids. 

The incorporation of [1-14C] sodium acetate into the hete-
rocyst glycolipids from 60- to 234-hour-old Anabaena cylin-
drica cultures was studied and radioactive lipids were isolated
(135). In 60-hour and 88-hour cultures, about 90% of the ra-
dioactivity of the heterocyst glycolipids was found in the non-
saponifiable glycolipid fraction, whereas in older cultures this 

fraction contained only 75% of the radioactivity. Acid hydrol-
ysis of nonsaponifiable heterocyst glycolipid fractions
showed that in 60-hour cultures, 81% of the radioactivity oc-
curred in the lipid moiety, whereas in older cultures a greater
proportion (40–53%) of the radioactivity was found in the
sugar residue. The lipid fraction obtained by acid hydrolysis
contained a mixture of labeled long-chain mono-, di-, and tri-
hydric alcohols. In young cultures the primary alcohol frac-
tion was most heavily labeled (57.3% of the radioactivity in
the nonsaponifiable glycosides) with much smaller amounts
in the diol and triol (8.4 and 15.1%, respectively), whereas in
older cultures the primary alcohol (23.6%), diol (22.5%), and
triol (18.9%) fractions contained approximately equal
amounts of radioactivity. The previously proposed structures
for the heterocyst glycolipids of the nitrogen-fixing cyanobac-
terium Anabaena cylindrica (135) have been revised. 13C-en-
riched acetonides have been utilized for the determination of
the relative stereochemistry of the 1,3-diol moiety in the agly-
cone of two glycolipids. The same glycolipids, which are
thought to protect the nitrogenase from O2, have also been de-
tected in A. torulosa (24); 165,167 and 170,171 have been
isolated from cyanobacteria A. cylindrica and A. torulosa
(24). Formation and functions of heterocyst glycolipids in
cyanobacteria species have recently been reviewed (136). 

Six cyanobacteria representative of families able to form
heterocysts, other than Nostocaceae, have been examined for
their heterocyst glycolipids (HG) content (137). HG found in
Nostocaceae were dominated by the presence of triols, and of
the corresponding C-3 ketones as aglycones, those found in
the other families were reported and characterized by tetrols
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and by the corresponding ketones at the ω-3 position. A se-
ries of natural surfactants 172–194 was found in four of the
six species examined: Scytonema hofmanni, Calothrix deser-
tica, Chlorogloeopsis fritschii, and Fischerella muscicola.
Triols and the corresponding ketone glycosides were found
only in a Microchaete sp. and in Tolypothrix tenuis, the latter
showing the most complex array of HG found so far. In C. de-
sertica and C. fritschii, α-mannosides 179, 181, 191, and 194
have been found for the first time (137).   

The ethanolic extract of the stem bark of Dimocarpus fuma-
tus showed cytotoxic activity in vitro against KB cancer cells.
Fractionation of the extract gave compounds belonging to dif-
ferent classes, including two new glycosides with long-chain
fatty alcohols, and structures were identified as 1-O-
[α-L-rhamnopyranosyl-(1→2)-β-D-glucopyranosyl-(1→3)-α-
L-rhamnopyranosyl-(1→6)-β-D-glucopyranosyl]hexadecanol
195 and 1-O-[[α-L-arabinopyranosyl-(1→3)]-α-L-rhamnopy-
ranosyl-(1→2)-β-D-glucopyranosyl-(1→3)-α-L-rhamnopyra-
nosyl-(1→6)-β-D-glucopyranosyl]hexadecanol 196, and a
mixture of three new diacylglycerylglucosides has been iso-
lated (138). Extracts of the marine sponge Caminus sphaero-
conia showed potent activity in a screen for bacterial type III
secretion inhibitors. Bioassay-guided fractionation of the ex-

tract led to the isolation of the novel antimicrobial glycolipid
caminoside A 197 (139).

The series of aliphatic alcohol glycosides 198–204, which
have the aglycone (3R)-1-octen-3-ol or its derivatives, are
rare in nature but have been isolated from some plant species.
Ilicifolioside B 198, ebracteatoside B 199, and C 200 were
isolated from the aerial parts of Acanthus ilicifolius (Acan-
thaceae) (140). This plant is widely distributed in southeast-
ern Asia and is traditionally used in Chinese medicine as an
anti-inflammatory and antihepatitis agent. Pharmaceutical
studies on this plant revealed that the crude alcoholic extract
of its leaves showed antioxidant, hepatoprotective, antitumor,
and anticarcinogenic effects (141,142). A megastigmane gly-
coside (ebracteatoside A 201), three aliphatic alcohol glyco-
sides [AUQ31](ebracteatoside B and C 199, 200 and D 202,
respectively) were found in the aerial part of Acanthus
ebracteatus (143). A new aliphatic alcohol glycoside, ilicifo-
lioside C 203, was also isolated from the aerial parts of Acan-
thus ilicifolius (144), and 204 from the Asystasia intrusa tree
in Thailand (Thai name: Ya-Yaa) (145). Alkylglycosides 201,
202, and 204 have also been isolated from Mentha spicata
(146), Barleria lupulina, and B. strigosa (147).

The new glycolipids, named simplexides 205–209, have
been isolated from the marine sponge Plakortis simplex (148).
Simplexides are composed of long-chain secondary alcohols
glycosylated by a disaccharide chain, and they represent a new
structural kind of glycolipid. Simplexides 205–209 strongly
inhibit proliferation of activated T cells by a noncytotoxic 
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mechanism and can be regarded as simple molecular model
for designing immunosuppressive drugs. 

Glycosylated long-chain secondary alcohols can be consid-
ered the first members of a new, simple class of glycolipids.
The most similar examples are the glycosylated hydroxy fatty

acids isolated from some yeast (149). Another unusual fea-
ture of simplexides are the very long chains of alcohols,
205–209, which are composed of 34–37 carbon atoms with
the hydroxyl group nearly in the middle. Authors suggested
that the lipid part of simplexides could be biosynthesized
from the coupling of two molecules of fatty acid. A reason-
able biogenetic hypothesis is sketched in Scheme 2.

SCHEME 2. Proposed biosynthesis of the lipid part of simplex-
ides (X = SCoA or any other acyl carrier).

Alkylglycoside, plakopolyprenoside 210, with a unique
cytotoxic glycolipid composed of a C35 linear polyisoprenoid
alcohol and a dixylosyl carbohydrate chain, was isolated from
the Caribbean sponge Plakortis simplex (150). Plako-
polyprenoside 210 is cytotoxic against the J774 cell line.
Plaxyloside 211, a glycolipid also composed of a C35 linear
polyisoprenoid alcohol aglycone and a linear carbohydrate
chain made up of six α-xylopyranose units, has been isolated
as its peracetate from the Caribbean sponge P. simplex (151).

Two novel polypropionate lactone glycosides, lycogalino-
sides A 212 and B 213, were isolated from the slime mold
Lycogala epidendrum (152). Compounds 212 and 213 are
unique in structure, containing a 2-deoxy-α-L-fucopyranosyl-
(1→4)-6-deoxy-β-D-gulopyranosyl unit and a β-D-olivopy-
ranosyl-(1→4)-β-D-fucopyranosyl unit, respectively, and
show growth-inhibitory activities against gram-positive bac-
teria.
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The marine fungus Gliocladium roseum KF-1040 pro-
duced unusual glycolipids roselipid 1A 214, 1B 215, 2A 216,
and 2B 217. These compounds inhibit the enzyme diacylglyc-
erol acyl transferase (153–155).

A novel glycoside, (4S*,5R*)-4-[(9Z)-2,13-di-(O-β-D-glu-
copyranosyl)-5,9,10-trimethyl-8-oxo-9-tetradecene-5-yl]-
3,3,5-trimethylcyclohexanone, namely stenopaluside 218,
was isolated from the leaves of the medicinal plant
Stenochlaena palustris (156). 

Capsicum species are very important plants used as veg-

etable foods, spices, and external medicine, and capsaicinoids
are the group of compounds responsible for the “heat” sensa-
tion of Capsicum fruits. Metabolites from Capsicum fruits are
also used as pest repellants in agriculture, and there is interest
in using them as synergists with organophosphate insecticides
(157). Investigation of polar extracts from ripe fruits of C. an-
nuum L. var. acuminatum yielded some new glycosides, cap-
sianoside VII 219, capsianoside II 220, capsianoside III 221,
capsianoside A 222, C 223, E 224, B 225, D 226, F 227, and
capsosides A 228 and B 229 (158–160, and references cited
therein). Capsianosides showed many different biological ac-
tivities and were described in a recent review article (161).
Compounds 218 and 220–227 are a good sample of natural
gemini surfactants.

A new alcohol glycoside, 1-octyl R-D-arabinofuranosyl-
(1→6)-α-D-glucopyranoside 230, and some known com-
pounds including three phenolics, isovitexin, astragalin, and
the terpene glucosides have been isolated from the aerial parts
of Circaea lutetiana ssp. canadensis (162). A new alkyl gly-
coside, oct-1-en-3-yl R-arabinofuranosyl-(1→6)-α-glucopy-
ranoside 231, has been isolated from methanolic extracts of
the leaves, stems, and roots of Phyllagathis rotundifolia col-
lected in Malaysia (163). 
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A unique ether glycolipid 232, characterized by the glyco-
sylation of two glycerol hydroxy groups, has been isolated
from the Senegalese sponge Trikentrion loeve Carter (164).
Cramerides 233–238, six new glycolipid analogs in which the
sugar moiety is replaced by an unprecedented five-membered
cyclitol, were isolated as a mixture from the sponge Pseudo-
ceratina crassa (165). Compounds 233–238 showed a high
antifeedant activity on the fish Carassius auratus, which sug-
gests their potential role as natural feeding deterrents.

An interesting group of polyacetylenic glycosides,
239–245, has been discovered from plants belonging to the
genus Bidens. Bidensyneosides A1 239, A2 240, B 241, C
242, and 3′-deoxy-C 243 are a group of five identified poly-
acetylenic glucosides from B. parviflora Willd (166). This
plant is used in traditional Chinese medicine and contains
many bioactive natural products (166). Authors showed that
bidensyneosides 239–242 are effective inhibitors of both his-
tamine release and nitric oxide production. Two poly-
acetylenic glucosides, 244 and 245, were isolated from the
aerial parts of B. pilosa Sch. Bip. var. radiata (Asteraceae)
(167).

The importance of monoterpenes on the varietal flavor of
grape and wines is known and has been partly studied and re-
viewed (168–173). These compounds were found linked
mainly to sugar moieties (as alkylglycosides) in grape juice
and wines, showing no olfactory characteristics. Figure 2
summarizes many publications that contain studies of alkyl-
glycosides from grape species, apple, guava, raspberry, straw-
berry fruits, leaves and fruits of papaya, and some plants in
which indicated compounds were found and isolated by 
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physicochemical methods (168–174). Major monoterpenoid
alcohols that link with D-glucose and other sugars are shown
in Figure 2. 

FIG. 2. Major monoterpene alcohols isolated as alkylglycerides
from many fruits and some plant species.

SUMMARY

Glycosides of fatty acid and alcohols are of commercial in-
terest for industry in general and specifically for the pharma-
ceutical and food industries (175,176). The past five years
have seen significant progress in the understanding of the
physical and chemical properties of alkyl glycosides. Re-
markable results from studies concern the phase behavior, the
oil/water interface, the microemulsions, and the adsorption of
this new surfactant type on solid surfaces. Interesting differ-
ences between alkyl glycosides and other nonionic surfactants
have been shown. An increasing importance of mixtures of
alkyl glycosides and other surfactants led to more systematic
studies of the influence of electrolytes and surfactants on the
properties of alkyl glycosides. Gemini surfactants are a new
generation of surfactants (177,178) and they belong to the
family of surfactant molecules that possess more than one hy-
drophobic tail and hydrophilic head group. They have been
used widely in industry because of their better properties.

Geminis are used as promising surfactants in industrial deter-
gency and have shown efficacy in skin care, as anti-HIV
agents, in environmental protection, as antibacterial agents,
in metal-encapped porphyrazine and vesicle formation, and
in construction of high porosity materials which give new
perspectives for medicine and pharmacology.
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ABSTRACT: Fish consumption is associated with reduced car-
diovascular mortality, and elevated myocardial long-chain n-3
polyunsaturated FA (PUFA) content is implicated in this cardio-
protection. This study examined the dose and time responses
for incorporation of n-3 PUFA into cellular membranes in rats
fed fish oil (FO)-containing diets. For the time course study, rats
were fed a 10% FO diet for periods ranging from 0 to 42 d, after
which myocardial and erythrocyte membrane fatty acid com-
position was determined. For the dose response study, rats (n = 3)
were fed 0, 1.25, 2.5, 5, or 10% FO for 4 wk, with myocardial,
erythrocyte, and skeletal muscle membrane FA determined. Myo-
cardial DHA (22:6n-3) levels doubled in 2 d, stabilizing at levels
~200% higher than control after 28 d feeding with 10% FO. By
comparison, DHA levels doubled after 4 wk of 1.25% FO feed-
ing. In myocardium and skeletal muscle, EPA (20:5n-3) levels
remained low, but in erythrocytes EPA levels reached 50% of
DHA levels. The n-3 PUFA were incorporated at the expense of n-6
PUFA in myocardium and skeletal muscle, whereas erythrocytes
maintained arachidonic acid levels, and total n-3 PUFA incorpo-
ration was lower. This study shows that low doses of FO produce
marked changes in myocardial DHA levels; maximal incorpo-
ration takes up to 28 d to occur; and while erythrocytes are a
good indicator of tissue n-3 incorporation in stable diets, they
vary greatly in their time course and pattern of incorporation.

Paper no. L9631 in Lipids 39, 955–961 (October 2004).

Epidemiological evidence suggests that an inverse relation-
ship exists between the consumption of very long chain n-3
polyunsaturated FA (PUFA) of marine origin and cardiovascular
disease risk (1–3). This epidemiological evidence is supported
by large-scale intervention trials such as the GISSI-Preven-
zione Trial (4), which found fish oil (FO) intake was associated
with a reduction in mortality among subjects with established
cardiovascular disease. The link appears to be particularly
strong in relation to sudden death from ischemic heart disease,
which is often a result of cardiac arrhythmia. 

Cardiac membrane FA composition can be altered by the
fat composition of the diet (5). Previous studies examining
the functional consequences of such changes have found sig-
nificant anti-arrhythmic effects associated with an increase in
the docosahexaenoic acid (DHA, 22:6n-3) content of myocar-

dial membrane phospholipids from diets rich in marine oils
(6-8). In addition, the economy of myocardial oxygen consump-
tion and recovery from ischemia and reperfusion are improved
in FO-fed compared to saturated fat-fed rats (9). Experimental
animal studies have often used FO as the sole source of dietary
fat, which could not be achieved in a free-living human diet.
While one dose-response study of dietary DHA in rats has
been reported (10), it was conducted over a relatively short
period (2 wk) and it is not known whether this period of time
is sufficient for the maximal incorporation of very long chain
n-3 PUFA into membranes. 

The current study had two major aims. The first was to ex-
amine the time course of FA incorporation into myocardial
membrane phospholipids, and erythrocyte membrane FA, the
latter being one of the most commonly used biomarkers of
membrane FA composition in clinical and experimental stud-
ies. The second aim was to examine the dose-response effect
of dietary n-3 PUFA on membrane lipid composition. Mem-
brane phospholipid FA composition was determined in heart,
erythrocyte and skeletal muscle in response to four doses of
dietary FO fed for a period of 4 wk. 

MATERIALS AND METHODS

All general chemicals and solvents were from Sigma (Sigma-
Aldrich, Australia) and Merck (Crown Scientific, Australia).
Chemicals were of ultra pure or analytical grade, and solvents
were of at least high-performance chromatography grade.
Pentobarbital sodium was from CenVet (NSW, Australia).
Animals were sourced from the University of Technology
Sydney, Gore Hill Laboratories (NSW, Australia). Nu-Mega
high-DHA tuna FO, was kindly provided by Nu-Mega Ingre-
dients (Australia) Ltd. 

Animals and diets. Experiments were granted approval by
the University of Wollongong Animal Ethics Committee, and all
animals were treated in accordance with the Animal Welfare
Guidelines set by the National Health and Medical Research
Council, Australia. Animals were fed fully fabricated experimen-
tal diets containing (as a percentage of dry wt) 60% corn-
starch, 10% sucrose, 9% casein, 5% cellulose, 10% oil, 5%
gelatin and 1% vitamin/mineral mix. The 10% (% of dry wt)
fat content is equivalent to approximately 22% of total energy.
The lipid composition of the range of dietary oils used is given
in Table 1. All animals were fed ad libitum and housed with a
12 h light/dark cycle at a constant temperature of 23–25°C. 
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Time response to dietary FO. For the time-response experi-
ment all rats were fed fabricated diets for a total of 8 wk. Twenty-
four male Sprague-Dawley rats aged 18–24 wk were fed an olive
oil (OO) diet for at least 2 wk before being allocated to a 10%
FO diet for the last 2 d (n = 3), 4 d (n = 3), 7 d (n = 3), 14 d (n = 3),
28 d (n = 4), or 42 d (n = 4) of the 8 wk prior to sacrifice or kept
on the OO diet throughout (0 d FO, n = 4). 

Dose response to dietary FO. For the dose-response ex-
periment all rats were fed fabricated diets for a total of 6 wk.
Fifteen male Wistar rats aged 8 wk and matched on the basis
of body wt were fed an OO diet for 2 wk before being allo-
cated to one of five dietary groups (n = 3); 10% OO as a 0%
FO control, 1.25% FO (+8.75% OO), 2.5% FO (+7.5% OO),
5% FO (+5% OO), or 10% FO. All animals were fed the ex-
perimental diets for 4 wk prior to sacrifice. 

Tissue collection. Animals were anesthetized (pentobarbital
sodium (60 mg/kg i.p.) and euthanized by rapid removal of
blood via cardiac puncture, then removal of the heart. Blood
samples were collected into a syringe containing Na2EDTA
(final concentration 1 mg/mL) and subject to centrifugation
at 800 × g for 10 min to separate the red cells, which were
then frozen at –80°C. The heart was rinsed in ice-cold saline,
cut into sections, snap-frozen in liquid nitrogen, and stored at
–80°C. In the dose-response experiment, the vastus lateralis
was also collected and rapidly frozen. A cross-section of the
vastus lateralis, including both red and white muscle, was
used for analysis. 

Analytical procedure. Total lipids were extracted from du-
plicate 100–200 mg samples of cardiac and skeletal muscles
using a modification of the method of Folch et. al (11). Phos-
pholipids were isolated from the total muscle lipid by solid
phase extraction, using silica Sep-Pak cartridges (Waters,
Australia). Muscle phospholipid FA were methylated using
14% boron trifluoride in methanol and the FAME purified
using Florisil Sep-Pak cartridges (Waters, Australia). Eryth-
rocyte membranes (red cell ghosts) were collected by cen-
trifugation (12), and derivatized using acetyl chloride. FAME
were analyzed by GC using a Shimadzu GC-17A with FID.
The column was a 30 m H 0.25 mm H 0.25 mm DB-225 (J&W

Scientific, USA) with hydrogen used as the carrier gas and a
temperature program rising from 150 to 23°C over a period
of 28 min. FA were identified from authentic FAME standards
(Sigma-Aldrich, Australia), and individual FA expressed as a
percentage of total FA.

Statistical analysis. Values are given as mean ± SE unless
otherwise stated. Differences in FA composition between dietary
groups within tissues in the dose response study were examined
using ANOVA with Tukey HSD post-hoc tests. Pearson cor-
relations were performed for individual FA between different
tissue types. Statistical analyses were performed using SPSS
v.10.0 and v.11.5 (SPSS Inc., Chicago, IL, USA) with signifi-
cance accepted at P < 0.05. 

RESULTS

Effect of dietary FO feeding duration on membrane lipid com-
position. (i) Myocardium. Significant changes in myocardial
membrane FA composition were produced after only 2 d of FO
feeding (Table 2): levels of the n-3 PUFA DHA (22:6n-3) and
eicosapentaenoic acid (EPA, 20:5n-3) were increased, while levels
of oleic acid (18:1n-9) and n-6 PUFA linoleic acid (18:2n-6) were
reduced. Arachidonic acid (20:4n-6) levels were significantly
reduced after 4 d of FO feeding. These changes were reflected in
significant increases in total n-3 PUFA and decreases in total n-6
PUFA within 2 d. There were no significant changes in either
individual or total saturated FA concentrations over the entire
42-d feeding period. No further significant differences in oleic
acid occurred beyond 4 d, or in arachidonic acid and linoleic
acid after 7 and 14 d respectively, although total n-6 PUFA con-
centration continued to decrease until 28 d of FO feeding. While
the myocardial concentration of EPA increased up to 7 d, it did
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TABLE 1
Major FA Levels in the Experimental Dietsa

Dietary FA composition as a % of total fat

Fat blend 1.25% FO 2.5% FO 5% FO 10% FO
FA 10% OO 8.75% OO 7.5% OO 5% OO

14:0 ND 0.42 0.84 1.69 3.37
16:0 13.0 13.8 14.7 16.4 19.9
18:0 2.5 2.8 3.1 3.8 5.0
18:1n-9 69.1 62.4 55.7 42.3 15.6
18:2n-6 13.4 12.0 10.5 7.6 1.8
18:3n-3 ND 0.1 0.2 0.3 0.6
20:4n-6 ND 0.2 0.4 0.9 1.8
20:5n-3 ND 1.0 2.0 3.9 7.9
22:6n-3 ND 4.2 8.2 16.2 32.2
aValues are FA composition as a percentage of total dietary FA, determined by
GC. The time response experiment used the 10% fish oil (FO) diet. The dose-re-
sponse experiment used all incrementing doses of FO listed above with the 10%
olive oil (OO) as a control. ND, not detected.

FIG. 1. Incorporation of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) into erythrocyte membranes with fish oil feeding
over time. Values given are Mean ± SEM of DHA and EPA as a % of
total erythrocyte FA.



not get significantly greater beyond 2 d, whereas DHA levels
continued to increase significantly until 28 d of FO feeding. The
concentration of EPA rose from non-detectable levels to a maxi-
mum of 0.77% whereas DHA levels rose from 10% to a maxi-
mum of 39% after 28 d. In the n-6 PUFA, linoleic acid levels
decreased from 17 to 5% and arachidonic acid decreased from
25 to 15% (Table 2). 

(ii) Erythrocytes. Detectable levels of EPA (0.5%) were
found in erythrocytes without FO feeding, and the incorporation
of EPA into membranes appeared to be linear, reaching 3.3% of
the FA content over the 42-d experimental period (r2 = 0.99)
(Fig. 1). In contrast, DHA showed only small changes in incor-
poration over 2–14 d, but exhibited a significant increase be-
tween 14 and 28 d of FO feeding (Table 3). Oleic acid levels
tended to decline with increasing feeding period of FO diet but
the changes did not reach significance until 28 d of feeding.

Small, but significant, changes in linoleic acid levels were de-
tected after only 2 d FO feeding, which were sustained until
further significant decreases after 28 and 42 d. There were no
significant changes in arachidonic acid levels in erythrocyte
membranes during FO feeding. As a result of these changes in
individual FA composition, n-3:n-6 PUFA ratio progressively
increased with duration of feeding, while the unsaturation
index remained unperturbed until after 28 d of FO feeding,
when a large significant increase was noted (Table 3). 

Effect of dietary FO concentration on membrane lipid
composition. (i) Myocardium. Compared with the control diet
(10% OO), increasing the levels of DHA-rich FO in the diet
resulted in higher levels of DHA (22:6n-3) in myocardial mem-
brane phospholipids, which achieved significance for all FO
doses examined (P < 0.01) (Fig. 2). DHA comprised 9.29 ±
0.51% of total FA in myocardial membranes from control-fed
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TABLE 2
Time Response of Dietary Fish Oil on FA Composition of Myocardial Phospholipidsa

0 days 2 days 4 days 7 days 14 days 28 days 42 days
FA (n = 4) (n = 3) (n = 3) (n = 3) (n = 3) (n = 4) (n = 4)

14:0 0.56 ± 0.04 0.73 ± 0.17 0.67 ± 0.09 0.70 ± 0.10 0.72 ± 0.09 0.68 ± 0.06 0.77 ± 0.02
16:0 8.49 ± 0.09 10.30 ± 0.74 10.56 ± 0.11 11.19 ± 0.26 10.88 ± 0.54 9.40 ± 0.54 7.53 ± 2.21
18:0 18.96 ± 0.11 20.86 ± 0.58 20.32 ± 0.99 21.80 ± 0.28 21.16 ± 1.15 18.97 ± 1.15 20.14 ± 1.12
18:1n-9 10.61 ± 0.18a 6.33 ± 0.96b 5.75 ± 0.93b,c 3.40 ± 0.22c 4.52 ± 0.35b,c 3.45 ± 0.21c 3.84 ± 0.41c

18:2n-6 17.04 ± 0.81a 13.30. ± 0.68b 12.07 ± 0.91b,c 9.82 ± 0.21c,d 7.75 ± 0.03d,e 5.17 ± 0.49e 4.98 ± 0.30e

20:4n-6 24.87 ± 0.32a 21.91 ± 0.86a 18.39 ± 0.59b 15.83 ± 0.42b,c 16.12 ± 0.48b,c 13.36 ± 0.64c 14.65 ± 0.90c

20:5n-3 0.00 ± 0.00a 0.44 ± 0.04b 0.55 ± 0.06b 0.71 ± 0.01b 0.67 ± 0.01b 0.70 ± 0.12b 0.77 ± 0.11b

22:6n-3 10.34 ± 0.36a 19.17 ± 1.52b 24.10 ± 1.23b 30.78 ± 0.27c 30.49 ± 0.77c 39.13 ± 1.02d 39.10 ± 1.34d

SFA 27.86 ± 2.14 31.70 ± 0.67 31.56 ± 1.69 33.74 ± 0.24 32.41 ± 1.50 29.09 ± 1.48 28.38 ± 2.83
MUFA 15.98 ± 0.11a 10.66 ± 1.25b 10.03 ± 1.18b 7.55 ± 0.07b 8.95 ± 0.45b 8.00 ± 0.52b 8.31 ± 0.98b

PUFA 54.23 ± 0.30a 56.88 ± 1.08a,b 57.31 ± 0.83a,b 59.06 ± 0.24b 56.76 ± 0.46a,b 60.10 ± 1.10b 60.89 ± 1.60b

UI 220.73 ± 2.14a 251.68 ± 5.87b 264.08 ± 4.97b,c 287.65 ± 0.73c 282.93 ± 3.05c 317.71 ± 6.02d 321.37 ± 8.61d

Total n-6 42.68 ± 0.52a 35.84  ± 0.77b 30.45 ± 1.32c 26.33 ± 0.34c,d 24.79 ± 0.74d,e 18.53 ± 1.08f 20.51 ± 1.35e,f

Total n-3 11.55 ± 0.39a 20.94 ± 1.75b 25.82 ± 1.42b 32.73 ± 0.27c 31.97 ± 0.79c 40.52 ± 1.20d 40.37 ± 1.50d

n-3/n-6 0.28 ± 0.01a 0.59 ± 0.06a 0.85 ± 0.08a,b 1.24 ± 0.02c 1.29 ± 0.07b 2.22 ± 0.20d 2.00 ± 0.19d

aValues are given as mean ± SEM, where significant differences exist between duration of feeding. Within rows, numbers not sharing a common superscript differ sig-
nificantly from one another, P < 0.05. MUFA, monounsaturated fatty acids; SFA, saturated fatty acids; UI, unsaturation index.

TABLE 3
Time Response of Dietary Fish Oil on FA Composition of Erythrocyte Membrane Lipidsa

0 days 2 days 4 days 7 days 14 days 28 days 42 days
FA (n = 4) (n = 3) (n = 3) (n = 3) (n = 3) (n = 4) (n = 4)

14:0 0.56 ± 0.04 0.73 ± 0.17 0.66 ± 0.09 0.70 ± 0.10 0.72 ± 0.09 0.68 ± 0.06 0.77 ± 0.02
16:0 39.0 ± 0.49 43.38 ± 1.06 40.79 ± 1.20 42.07 ± 1.34 41.49 ± 0.28 40.18 ±1.01 39.89 ± 0.48
18:0 13.1 ± 0.99 14.16 ± 0.12 14.34 ± 0.44 15.45 ± 0.34 15.61 ± 0.83 15.47 ± 0.39 13.50 ± 0.26
18:1n-9 15.5 ± 0.99a 13.14 ± 0.56a,b,c 14.68 ± 1.88a,b 11.59 ± 0.46a,b,c 12.17 ± 0.04a,b,c 11.11 ± 0.34b,c 10.00 ± 0.37c

18:2n-6 7.66 ± 0.38a 5.55 ± 0.12b 6.13 ± 0.18b 5.11 ± 0.30b 5.92 ± 0.18b 4.03 ± 0.49c 2.97 ± 0.28c

20:4n-6 12.7 ± 0.84 10.02 ± 1.49 11.21 ± 0.52 12.06 ± 1.32 12.09 ± 0.53 12.93 ± 0.17 13.47 ± 0.14
20:5n-3 0.46 ± 0.27a 0.66 ± 0.12a 0.94 ± 0.09a 1.09 ± 0.14a 1.38 ± 0.08a,b 2.21 ± 0.41b 3.30 ± 0.02c

22:6n-3 3.22 ± 0.30a 4.69 ± 0.47a 4.02 ± 0.68a 4.12 ± 0.10a 3.45 ± 1.06a 8.06 ± 0.97b 8.24 ± 0.85b

SFA 39.72 ± 0.47 44.42 ± 1.24 41.84 ± 1.06 43.16 ± 1.37 42.60 ± 0.39 41.23 ± 1.00 41.09 ± 0.48
MUFA 20.06 ± 1.00a 17.47 ± 0.56a,b,c 19.31 ± 1.74a,b 15.82 ± 0.95b,c,d 15.80 ± 0.11b,c,d 14.68 ± 0.45c,d 13.27 ± 0.29c,d

PUFA 25.92 ± 1.09a,b,c 23.45 ± 1.71a 24.23 ± 0.89a 24.84 ± 1.26a,b 25.26 ± 1.38a,b 29.93 ± 1.30b,c 31.00 ± 0.68c

UI 116.1 ± 3.08 111.52 ± 6.87 114.14 ± 3.84 115.95 ± 3.93 115.08 ± 7.81 146.22 ± 8.00a 152.93 ± 4.86a

Total n-6 21.27 ± 1.06a 16.50 ± 1.38b 18.07 ± 0.67a,b 17.99 ± 1.64a,b 18.80 ± 0.39a,b 18.13 ± 0.30a,b 17.89 ± 0.39a,b

Total n-3 4.65 ± 0.47a 6.95 ± 0.34a 6.16 ± 1.15a 6.85 ± 0.91a 6.50 ± 0.99a 11.80 ± 1.39b 13.11 ± 1.03b

n-3/n-6 0.22 ± 0.02a 0.42 ± 0.02b 0.35 ± 0.07a,b 0.39 ± 0.08a,b 0.34 ± 0.04a,b 0.65 ± 0.08c 0.73 ± 0.07c

aValues are given as mean ± SEM, where significant differences exist between duration of feeding. Within rows, numbers not sharing a common superscript differ sig-
nificantly from one another, P < 0.05. MUFA, monounsaturated fatty acids; SFA, saturated fatty acids; UI, unsaturation index.



animals, whereas a diet containing 1.25% FO resulted in my-
ocardial DHA levels of 20.06 ± 1.72% (Fig. 2). The lower OO
content of the higher FO diets resulted in significantly lower
oleic acid contents in myocardial phospholipids in the 5 and
10% FO groups (P < 0.05) (Fig. 2), but myocardial oleic acid
levels from diets higher in olive oil (i.e., the control, 1.25 and
2.5% FO) did not differ significantly. Arachidonic acid (20:4n-6)
levels in myocardial phospholipids were significantly lower at
all FO doses compared to control (P < 0.05), but there was no
further change with increasing FO beyond the 1.25% dose (Fig.
2). EPA was not detected in myocardial phospholipids in the
control group, however it was increasingly incorporated with
increasing FO dose at 0.14, 0.16, 0.50, and 0.81% on the 1.25,
2.5, 5 and 10% FO diets respectively, reaching significance at
FO doses of 5 (P = 0.011) and 10% (P < 0.001). 

(ii.) Skeletal muscle. Skeletal muscle FA composition with
different doses of dietary FO is shown in Figure 3. There was
considerable variability seen in the phospholipid FA compo-
sition of the skeletal muscle tissue samples (a mixed cross-
section of vastus lateralis) (Fig. 3) and although linoleic acid
and arachidonic acid tended to be reduced similarly across all

doses, no statistically significant changes were observed. The
dose-related effects of n-3 PUFA followed trends similar to
those in myocardium, however, there was negligible incorpo-
ration of EPA into vastus lateralis membrane phospholipids.
In controls, the levels of DHA in vastus lateralis were com-
parable to those of myocardium (12.7% of total FA), although
levels plateaued at approximately 21% with FO diets of 2.5%
and above, and did not reach the 30% DHA levels seen in the
myocardium in these animals. DHA levels were significantly
higher than control for the 2.5, 5, and 10% FO diets (P = 0.032,
0.018, and 0.009, respectively). 

(iii) Erythrocytes. Erythrocyte membrane FA composition
was significantly influenced by dietary fat composition (Fig. 4).
With increasing dietary FO (and thus decreasing dietary OO con-
tent), the oleic acid content of total erythrocyte membrane FA
was lowered, achieving significance at the level of 2.5% FO and
above (P < 0.003). Erythrocytes showed significant incorpora-
tion of EPA, with EPA levels in the 10% FO dose being almost
30-fold greater than those seen in the control group (0.1 ± 0.1 for
control and 2.89 ± 0.09 for 10% FO). The EPA content of eryth-
rocyte membranes was at least three-fold higher than was seen in
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FIG. 2. Dose-response of dietary fish oil on FA composition of myocardial phospholipids from
rats. Values are mean ± SEM. *Denotes significant difference from control (0%FO) diet, P < 0.05.

FIG. 3. Dose response of dietary fish oil on FA composition of skeletal muscle phospholipids from rats. Values
are mean ± SEM. *Denotes significant difference from control diet (0%), P < 0.05.
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either skeletal muscle or myocardium for all FO doses exam-
ined. Conversely, the level of DHA in erythrocyte membranes was
only between a third and a quarter of those seen in myocardium
for all dietary groups. DHA levels in erythrocyte membranes in-
creased with increasing doses of FO, reaching significance
≥2.5% FO (P < 0.001) compared with control. 

The level of oleic acid in myocardial membranes was highly
correlated with the levels in erythrocyte membranes (r = 0.803,
P = 0.001), but no significant correlations were seen between
skeletal muscle and heart, nor skeletal muscle and erythrocyte
for oleic acid. For the n-6 FA, arachidonic acid and linoleic acid,
significant correlations existed between myocardium and skeletal
muscle (r = 0.613, P = 0.026; and r = 0.586, P = 0.036, respec-
tively), but not between erythrocytes and either myocardium or
skeletal muscle. For the n-3 FA, EPA levels in erythrocytes and
myocardium were well correlated (r = 0.871, P < 0.001), and
significant correlations were observed for DHA between all
three tissues (r = 0.806, 0.819 and 0.806, all P < 0.005 for skele-
tal muscle and myocardium, erythrocyte and myo-cardium, and
erythrocyte and skeletal muscle respectively). The strongest cor-
relations were seen between erythrocyte EPA + DHA and my-
ocardial DHA (r = 0.883, P < 0.001) and skeletal muscle DHA
(r = 0.943, P < 0.001) (Fig. 5), although with so little EPA in the
myocardial and skeletal muscle membranes, the correlation was
very similar for myocardial or skeletal muscle EPA + DHA.

DISCUSSION

This study has demonstrated a clear time course of incorporation
of dietary long-chain n-3 PUFA into myocardial membranes
in exchange for long-chain n-6 FA, with levels appearing to
plateau within 28 d of feeding in mature adult rats. In adult
Sprague-Dawley rats the n-3/n-6 PUFA ratio of myocardial
membrane FA increased by 70% between 14 and 28 d of feed-
ing. The myocardial phospholipid DHA levels reached in the
time-response study were high (39% of total FA), but are
comparable to those previously observed in Fisher rats fed a
DHA-rich oil (at 25.6% of dietary energy) for 8 wk (13). In

contrast to DHA, myocardial EPA levels were undetectable
without FO feeding (i.e., on an OO diet) and after 42 d of FO
supplementation still comstituted <1% of total FA, despite de-
livery of EPA and DHA in the ratio of 1:4 in the FO diet. The
preferential incorporation of DHA over EPA is found even
when EPA is the major n-3 PUFA in a rat diet (8). The EPA
levels at all time points of FO feeding were significantly dif-
ferent from baseline (0 d FO) but there were no significant dif-
ferences between the time points on the FO diet (2–42 d). The
present study demonstrated the importance of the 4-wk feed-
ing period in conducting dose response studies, with the only
previous study examining the dose-response effect of FO FA
on cardiac membranes being conducted over a 2-wk feeding
period (10). While the pre-study acclimation to the fabricated
OO diet from commercial chow was only conducted for a pe-
riod of 2 wk, the baseline results from the time-response study
differed only slightly to those seen after feeding the OO diet
for a period of 4 wk in the dose-response study, despite strain
differences. There is evidence to suggest that myocardial
DHA levels change slightly with age (14), so the age differ-
ences between the rats used in the time course study and the
dose response study may also have contributed to the differ-
ences seen in maximal DHA incorporation after 4 wk on the
10% FO diet in both arms of the study.

While the time course arm of the present study used a
high-dose FO diet to maximize the ability to see changes in
FA over the shortest period of time, the dose-response arm
was able to demonstrate that lower doses of FO in the diet can
result in marked changes to myocardial membrane composition.
Inclusion of FO in the diet as 1.25% of diet wt (equivalent to
approximately 2.8% of dietary energy) resulted in myocardial
DHA levels that were more than double those seen with the
control diet. While not examined in this study, the results sug-
gest the possibility that even smaller amounts of FO in the
diet might still result in significant changes to myocardial
membrane n-3 PUFA content. Doses of EPA and DHA as low
as 360 mg/kg body wt/d given by gavage have been found to
increase the n-3 PUFA content of microsomal membranes
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FIG. 4. Dose response of dietary fish oil on FA composition of rat erythrocyte membranes. Values
are mean ± SEM. *Denotes significant difference from control diet (0%), P < 0.05.



compared to OO control in Wistar rats (15). However, gav-
age dosing of oil has previously been shown to place animals
under significant stress (16), and catecholamine-induced
stress has been shown to increase DHA in cardiac phospho-
lipids at the expense of linoleic acid (14). 

Erythrocytes are commonly used as a biomarker of tissue FA
composition, and erythrocyte EPA + DHA has recently been
proposed as a clinical marker of cardiovascular disease risk (the
“Omega-3 index”), as it is thought to be reflective of cardiac
membrane very long chain n-3 FA content (17). The time
course of incorporation of high-FO diet into erythrocytes
showed marked differences from that seen in myocardium.
DHA levels in erythrocytes remained relatively steady over
0–14 d of feeding, but doubled between 14 and 28 d and ap-
peared to plateau between 28 and 42 d, whereas EPA levels in
erythrocyte membranes increased linearly over time, high-
lighting marked differences in incorporation of EPA and DHA.
The lifespan of erythrocytes from Sprague-Dawley rats has
been estimated to be approximately 60 d (18), so it is possible
that the levels of EPA seen at the 42 d do not represent maxi-
mal EPA incorporation. Unlike myocardial membranes, the in-
corporation of EPA and DHA into erythrocyte membranes was
at the expense of oleic and linoleic acids rather than the long-
chain n-6 PUFA arachidonic acid, levels of which were largely
preserved over time. The relative changes in phospholipid
content of the n-6 PUFA linoleic acid and arachidonic acid in
response to FO feeding also vary between the human blood
components, plasma, platelets, and erythrocytes (19), with red
blood cells showing the least change in arachidonic acid.

There was greater incorporation of DHA into myocardial
membrane phospholipids compared with skeletal muscle and least
incorporation into erythrocytes, with DHA levels increasing in a
dose-dependent manner. The very low incorporation of EPA into
myocardial phospholipids relative to the higher levels in the diet
suggests a number of possibilities, including that DHA may be
preferentially incorporated into myocardial lipids, that elongation
and desaturation of EPA → DHA is more active in this tissue,

and/or that little retroconversion of DHA → EPA occurs. The
strong correlation between erythrocyte n-3 PUFA and myocar-
dial n-3 PUFA, despite the difference in balance between EPA
and DHA levels in the two tissues, highlights the importance of
including both EPA and DHA in the “Omega-3 index” (17) and
also confirms that the individual dietary or circulating FA are
not reflected in equivalent changes in all tissue membranes (20).

The current study confirmed marked differences in lipid
profile between different tissues in response to dietary fat in-
take. This has implications for the use of erythrocytes as a bio-
marker of cardiac FA composition. The relative concentrations
of EPA, DHA, and other FA are known to vary between tis-
sues within the same animal, with or without FO supplementa-
tion, as does the tissue total n-3 content (20). There are also clear
differences between human and rat membrane composition, re-
lating principally to lower PUFA content of human membranes.
Nevertheless, limited human cardiac data from necropsy studies
of subjects with all cause mortality show that myocardial DHA
levels are 6–8 times higher than those of EPA, and n-3 PUFA
content of myocardium exceeds that of serum (21), supporting
the rat data. The relative differences between EPA and DHA
levels in erythrocyte membranes of both humans and rats are
less pronounced, with EPA more prominent and DHA less
prominent in the FA profiles compared with heart (21). This
contrasts with recent data from cardiac transplant patients,
who despite comparable n-6 PUFA and n-3 PUFA in plasma
to that of serum in the necropsy samples (21), display very low
levels of both n-3 PUFA and n-6 PUFA in myocardium (22).
In light of the potential importance of myocardial n-3 PUFA for
healthy cardiac function (9, 23) it is possible that the low n-3
PUFA levels in the transplant biopsies compared to necropsy
samples may be reflective of the failing heartor endothelial
biopsy. While there were marked differences in the relative
amounts and time course of incorporation of EPA and DHA
into erythrocyte and myocardial membranes after 4 wk feed-
ing, the overall correlations of n-3 PUFA content between these
tissues were strong. This supports the use of erythrocyte highly
unsaturated n-3 PUFA as a biomarker under conditions in
which dietary fat intake is likely to be relatively stable. The use
of erythrocytes as biomarkers for membrane levels of other FA
(e.g., n-6 PUFA or monounsaturated FA) is not well supported
by this study.

The FA composition of skeletal muscle is thought to affect
insulin action, and the n-3 content of skeletal muscle phospho-
lipids in rats is strongly related to insulin sensitivity (24). A
study evaluating the use of erythrocyte FA composition as an
index of abdominal rectus muscle membrane FA composition
in humans concluded that skeletal muscle FA composition
could not be extrapolated from erythrocytes (25). Our findings
agree with those of Di Marino et al. (25) in terms of absolute
percentages of individual FA, however, over the range of differ-
ent diets we found strong correlations between either skeletal
muscle or myocardial DHA and total n-3 PUFA content and
erythrocyte EPA + DHA [the Omega-3 index (17)]. There was
considerable variability in FA composition of the vastus later-
alis cross-section taken in the present study. It has been sug-
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FIG. 5. Correlation between erythrocyte membrane EPA+DHA concentra-
tion, DHA concentration of myocardium (l) and skeletal muscle (O) and
EPA concentration of myocardium (s). For abbreviations see Figure 1.



gested that lipid composition differs significantly between
white, red, and mixed muscle tissue and that these differences
may be related to capacity for oxidative metabolism (26),
which might account for the variability seen. 

The results of the present study clearly illustrate both the
time course and dose response of incorporation of FO-derived
very long chain n-3 PUFA into rat cellular membranes, which
is tissue specific and has implications for the use of erythro-
cytes as a membrane FA biomarker. Changes to cell mem-
brane lipid composition are thought to significantly affect the
function of cellular enzymes and ion channels (27), highlight-
ing the importance of considering the effects of dietary fat on
cellular membrane FA composition. 
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ABSTRACT: Male Fischer rats were fed the AIN 76A diet con-
taining varying n-6/n-3 FA ratios using sunflower oil (SFO), soy-
bean oil (SOY), and SFO supplemented with EPA-50 and GLA-
80 (GLA) as fat sources. Hepatocyte nodules, induced using di-
ethylnitrosamine followed by 2-acetylaminofluorene/partial
hepatectomy promotion, were harvested, with surrounding and
respective dietary control tissues, 3 mon after partial hepatec-
tomy. The altered growth pattern of hepatocyte nodules in rats
fed SFO is associated with a distinct lipid pattern entailing an
increased concentration of PE, resulting in increased levels of
20:4n-6. In addition, there is an accumulation of 18:1n-9 and
18:2n-6 and a decrease in the end products of the n-3 meta-
bolic pathway in PC, suggesting a dysfunctional ∆-6-desaturase
enzyme. The hepatocyte nodules of the SFO-fed rats exhibited
a significantly reduced lipid peroxidation level that was associ-
ated with an increase in the glutathione (GSH) concentration.
The low n-6/n-3 FA ratio diets significantly decreased 20:4n-6
in PC and PE phospholipid fractions with a concomitant in-
crease in 20:5n-3, 22:5n-3, and 22:6n-3. The resultant changes
in the 20:4/20:5 FA ratio and the 20:3n-6 FA level in the case of
the GLA diet suggest a reduction of prostaglandin synthesis of
the 2-series. The GLA diet also counteracted the increased level
of 20:4n-6 in PE by equalizing the nodule/surrounding ratio.
The low n-6/n-3 ratio diets significantly increased lipid peroxi-
dation levels in hepatocyte nodules, mimicking the level in the
surrounding and control tissue while GSH was decreased. An
increase in n-3 FA levels and oxidative status resulted in a re-
duction in the number of glutathione-S-transferase positive foci
in the liver of the GLA-fed rats. Modulation of cancer develop-
ment with low n-6/n-3 ratio diets containing specific dietary FA
could be a promising tool in cancer intervention in the liver.

Paper no. L9492 in Lipids 39, 963–976 (October 2004).

Investigations into the lipid content of tumor tissue indicate
that the process of carcinogenesis is associated with an altered
lipid profile that appears to play an important role in cell sur-
vival and the subsequent development into neoplasia. FA, as
integral components of cell membranes, may influence neo-
plastic development by altering cellular integrity, the activa-
tion state of pre-carcinogens, and the capacity of the cell to
respond to growth regulatory signals (1). Studies by Dyerberg
and Bang (2) indicated that dysfunctions in eicosanoid me-
tabolism can lead to certain illnesses and disorders such as
cardiovascular and gastrointestinal diseases as well as an in-
creased incidence of cancer (3). These disorders have been
linked to an imbalanced PUFA intake, related to diets with a
high n-6 and/or low n-3 FA content (3). Diets high in n-6 FA
content have been shown to promote colon and breast cancer
which is associated with the up-regulation of cyclooxyge-
nase-2 (COX-2) and p21ras expression (4,5). In the colon,
phospholipase A2 (PLA2) and COX-2 (5) are overexpressed
in neoplastic cells which may lead to the release of 20:4n-6
from membrane phospholipids with an increased production
of prostaglandins such as PGE2 (6–8). Overproduction of
PGE2 has been implicated in tumor initiation and promotion,
cell proliferation, and differentiation and is shown to modu-
late cellular and humoral immune responses by inhibiting the
production of lymphocytes, interleukin, and antibodies. It
also has been shown to inhibit the macrophage mediated cy-
totoxicity to cancer cells (6). However, 20:4n-6 is an impor-
tant FA in maintaining normal cellular homeostasis because
of the multiple roles it plays: (i) structurally as part of mem-
brane phospholipids, (ii) functionally as a precursor to the 2-
series eicosanoids, and (iii) as an intermediate involved in sig-
nal transduction pathways regulating cell proliferation and
apoptosis (9). As 20:4n-6 appears to be one of the major play-
ers in the progression of hepatocyte nodules into neoplasia,
the modulation of the 20:4n-6 level is therefore of importance
(10). The addition of n-3 PUFA in the diet is known to dis-
place and therefore decrease the n-6 FA content of cellular
membranes (3,6,11). This displacement and decrease are of
particular importance with respect to 20:4n-6. To prevent ex-
cessive n-6 FA replacement, it is suggested that a dietary
combination of 18:3n-6 and 20:5n-3 should be used to main-
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tain a critical level of 20:4n-6 in cell membranes (11,12). It
has been shown, in vitro and in vivo, that supplementation
with 18:3n-6 or evening primrose oil can maintain a steady
state in the 20:4n-6 level (13,14). Dietary supplementation
with 18:3n-6 and 20:5n-3 is also important with regard to sup-
plying FA downstream of the ∆6-desaturase enzyme, which
is known to be impaired in cancer tissue (15). In addition,
18:3n-6 is rapidly converted to 20:3n-6, a substrate for the 1-
series prostaglandins that counteract the activities of the 2-se-
ries prostaglandins (11).

An important property of cancer cells is the low level of
lipid peroxidation, partly due to unusually high levels of an-
tioxidants such as vitamin E and 18:1n-9 (15,16). Another
key molecule in determining the redox status in cells is the
antioxidant glutathione which appears to be altered in cancer
tissue (17,18). One of the main reasons, however, appears to
be the low PUFA levels, especially n-3 PUFA, due to the im-
pairment of the ∆6-desaturase enzyme (11,15). A previous
study utilizing a liver cancer model in rats indicated that a dis-
tinct pattern with regard to FA metabolism exists in hepato-
cyte nodules (10). This entails low levels of the LCPUFA
22:5n-6 and 22:6n-3, and high levels of 18:1n-9 and 18:2n-6
typical of a ∆6-desaturase impairment. The decrease in the
LCPUFA is also likely to be associated with a low oxidative
status in hepatocyte nodules. Other important properties as-
sociated with hepatocyte nodule development include: (i) an
increased concentration of the PE phospholipid fraction, re-
sulting in a decrease in the PC/PE ratio and an increase in the
level of 20:4n-6, (ii) elevated cholesterol, and (iii) an increase
in membrane fluidity (10). Wood et al. (19) found similar ele-
vations of PE in the plasma membrane and endoplasmic retic-
ulum from hepatoma (7288CTC) cells grown in the hind legs
of rats. With respect to FA levels, 18:1n-9 was increased in
the PC and PE phospholipid fractions, while the level of
22:6n-3 was very low.

As tumors are dependent on host circulation for the type
and amount of PUFA available, it should be possible to alter
the FA composition by dietary means (20). Several studies
have shown that the FA composition of cancer cells can be al-
tered in vitro and in vivo by supplementation with dietary FA
(21–23). The resultant changes in the FA content of the tumor
may alter prostaglandin synthesis and relevant signaling path-
ways, thereby modulating the apoptotic/proliferative imbal-
ance (24). The present study was conducted to monitor the ef-
fect of low n-6/n-3 FA ratio diets on the PUFA and oxidative
status, and the modulating role on hepatocyte nodule devel-
opment.

MATERIALS AND METHODS

Chemicals. Eicosapentaenoic acid (EPA-50) and GLA-80
were obtained from Callanish Ltd. (Breasclete, Scotland).

Animals and diets. The use of laboratory animals in this
study was approved by the Ethics Committee of the Medical
Research Council of South Africa. At weaning (body weight
50 g), male Fischer-344 rats were divided into three treatment
groups (n = 20 rats per group) and their respective control
groups (n = 5 rats per group) and fed the AIN 76A diet (25)
containing fat (5% of diet) with varying n-6/n-3 FA ratios for
the duration of the experiment. The different fat sources con-
sisted of: (i) sunflower oil with a n-6/n-3 FA ratio of 250:1
(SFO, high n-6/n-3 ratio diet), (ii) SFO supplemented with
EPA-50 and GLA-80, yielding a n-6/n-3 ratio of 12:1 (GLA,
low n-6/n-3 ratio diet), and (iii) soybean oil yielding a n-6/n-3
ratio of 5:1 (SOY, low n-6/n-3 ratio diet).

To examine the influence of GLA on the nodule FA pro-
file, a separate treatment group (n = 20) was fed the AIN 76A
diet containing SFO and EPA-50 (without GLA) with an n-6/n-3
FA ratio of 12:1 (EPA diet). A schematic outline of the exper-
imental design is illustrated in Figure 1.
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FIG. 1. The diagram depicts a timeline of the experimental procedure.  Weaned male Fischer-344 rats (body weight, BW, 50 g) were divided into
four experimental treatment groups (n = 20 rats per group) and were fed the AIN 76A diet containing fat (5% of diet) with varying n-6/n-3 FA ratios
consisting of sunflower oil (SFO), soybean oil (SOY), sunflower/eicosapentaenoic acid-50/gamma-linolenic acid-80 (GLA) and sunflower/eicos-
apentaenoic acid-50 (EPA) for the duration of the experiment. Control groups included rats fed SFO, SOY, and GLA diets without the carcinogen
treatment.  Hepatocyte nodules were induced in the experimental treatment groups as described in the Materials and Methods section. Rats were
terminated 3 mon after the cancer promotion treatment and hepatocyle nodules and surrounding tissue were collected.



The n-6/n-3 FA ratios of the different dietary oils used
(Table 1) were determined by GC (Varian 3300, Palo, Alto,
CA).  The diets were prepared and stored at 4°C under nitro-
gen for the duration of the experiment.  The rats were housed
separately in wire-bottomed cages under controlled lighting
(12-h cycles), humidity, and temperature (23–25°C) with free
access to water. They were fed ad libitum and weighed three
times weekly.

Induction and harvesting of hepatocyte nodules. Hepato-
cyte nodules were induced in the treatment groups according
to the method described by Solt and Farber (26). Briefly, the
rats (body weight approximately 150 g) were injected in-
traperitoneally (i.p.) with a single dose (200 mg/kg body
weight) of diethylnitrosamine (DEN) to effect cancer initia-

tion. Promotion was effected 3 wk later by a daily intragastric
dose (20 mg/kg body weight) of 2-acetylaminofluorene (2-
AAF) on three consecutive days followed by partial hepatec-
tomy on the fourth day. The rats were terminated 3 mon fol-
lowing cancer promotion, and hepatocyte nodules and sur-
rounding tissue were collected. Control tissue was collected
from rats only fed the SFO, SOY, and GLA diets without the
carcinogen treatment. Tissue sections were immediately
frozen on dry ice and stored at –80°C prior to analyses.

Lipid extraction. Lipids were extracted with chloro-
form/methanol (CM; 2:1, vol/vol) containing 0.01% BHT as
antioxidant (27,28). Approximately 100 to 150 mg of the liver
tissue was ground to a fine powder in liquid nitrogen and
weighed in glass-stoppered tubes. The tissue was suspended
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TABLE 1
FA Content of the Oils (% of Total) Used in the Experimental Dietsa

Low n-6/n-3 FA ratio oils
Sunflower

EPA-50 Sunflower
Sunflower Soybean GLA-80 EPA-50

(SFO) (SOY) (GLA) (EPA)

14:0 0.07 0.10 0.14 0.11
16:0 6.68 11.26 5.77 5.59
17:0 0.04 ND 0.24 0.22
18:0 4.45 4.20 4.23 4.15
20:0 0.29 0.36 0.29 0.32
22:0 0.75 0.43 0.79 0.77
24:0 0.25 ND ND ND
Total 12.53 16.35 11.46 11.16

16:1 0.06 0.06 1.17 1.02
18:1 25.17 25.60 24.35 22.08
20:1 0.21 0.24 0.28 0.24
22:1 0.01 0.01 0.04 0.02
24:1 0.05 ND ND ND
Total 25.50 25.91 25.84 23.36

n-6
18:2 62.25 48.53 53.42 60.15
18:3 0.01 ND 6.2 0.12
20:2 0.02 ND ND ND
20:3 ND ND 0.08 0.02
20:4 ND ND 0.12 0.07
22:4 0.02 0.04 0.03 0.03
22:5 0.01 ND 0.01 0.02
Total 62.31 48.57 59.90 60.41

n-3
18:3 0.25 9.20 0.31 0.40
18:4 ND ND 0.35 0.30
20:3 ND ND 0.05 0.13
20:5 ND ND 3.40 3.58
22:5 ND ND 0.27 0.23
22:6 ND ND 0.56 0.44
Total 0.25 9.20 4.94 5.08

n-6/n-3 249.24 5.28 12.12 11.89
PUFA 62.56 57.77 64.84 65.49
P/S Ratio 4.99 3.53 5.66 5.87
an-6/n-3 = n-6 FA to n-3 FA ratio, ND = not detected, P/S ratio = PUFA to saturated FA ratio.



in 0.5 mL saline (0.9% NaCl in distilled water), and the lipids
were extracted with 24 mL CM. The CM mixture was filtered
(sinterglass filters using Whatman glass microfiber filters,
Cat. No. 1820 866; Whatman International, Ltd., Maidstone,
England) and evaporated to dryness in vacuo at 40°C. The ex-
tract was transferred to glass-stoppered tubes, washed with
saline saturated with CMS (chloroform/methanol/saline;
86:14:1, by vol) containing 0.01% BHT, and stored at 4°C
until analyzed.

FA analyses. The lipid extracts were fractionated by TLC,
and the major phospholipid fractions, PC and PE, were col-
lected for phospholipid and FA analyses (29). For FA analy-
ses, the phospholipid fractions were transmethylated with 2
mL methanol/18 M sulfuric acid (95:5, vol/vol) at 70°C for 2
h. The FAME were extracted in hexane and analyzed by GC
on a Varian 3300 gas chromatograph equipped with 30-m
fused silica Megabore DB-225 columns with a 0.53-mm in-
ternal diameter (cat. no. 125-2232; Agilent Technologies,
Palo Alto, CA). The individual FAME were identified by
comparison of the retention times to those of a standard mix-
ture of free FA, 14:0 to 24:1 (Nu-Chek-Prep Inc., Elysian,
MN) and quantified using an internal standard (17:0; Sigma-
Aldrich, St. Louis) and expressed as µg FA/mg protein.

Phospholipid and cholesterol analyses. The phospholipid
concentrations of PC and PE (µg/mg protein) were deter-
mined colorimetrically using malachite green after digestion
with perchloric acid (16 N) at 170°C for approximately 1 h
(30). Total cholesterol (µg/mg protein) from the lipid extracts
was determined by an enzymatic iodide method (31) using
cholesterin-oxidase and -esterase (Preciset Cholesterol kit,
cat. no.125512; Indianapolis, IN). The cholesterol/phospho-
lipid molar ratio (Chol/PL) was calculated by adding PC and
PE together representing the major membrane phospholipids
and using the M.W. of 386.7, 787, and 744 for cholesterol,
PC, and PE, respectively.

Lipid peroxidation. Liver homogenates were prepared
(1:19: m/vol) in a 1.15% KCl/0.01 M phosphate buffer (pH
7.4) on ice and a 0.5 mL aliquot (2 mg protein/mL) incubated
with 2.5 mM ferrous sulfate for 1 h at 37°C (32). Malondi-
aldehyde (MDA) was measured by determining the TBARS
level according to the method of Hu et al. (33), and the results
were expressed as TBARS representing the µmol MDA
equivalents/mg protein, using a molar extinction coefficient
of 1.56 × 105 M−1 cm−1 at 532 nm for MDA (34). Nonspecific
lipid peroxidation was prevented by the incorporation of
EDTA in the buffers and BHT in the reaction solutions for the
TBARS assay.

Glutathione (GSH and GSSG) analysis. The glutathione,
reduced (GSH) and oxidized forms (GSSG), was determined
according to the method of Tietze (35). Tissue samples were
homogenized (1:10 ratio) in a 15% TCA (wt/vol) and 1 mM
EDTA solution for GSH and 6% perchloric acid (PCA,
vol/vol), 3 mM M2VP (1-methyl-2-vinyl-pyridinium trifluo-
romethane sulfonate) and 1 mM EDTA solution for GSSG,
on ice. The homogenates were centrifuged at 10,000 × g for
10 min, and 50 µL of the supernatant was added to glu-

tathione reductase (5 units) and 75 µM DTNB [5,5′ dithiobis-
(2-nitrobenzoic acid)], in a microtiter plate. The reaction was
initiated with the addition of 0.25 mM NADPH (50 µL) to a
final reaction volume of 200 µL, the absorbance monitored at
410 nm for 5 min, and the levels of GSH and GSSG deter-
mined from standard GSH and GSSG curves, respectively.
The results were expressed as mM GSH or GSSG/g wet liver
weight.

Immunohistochemistry. Tissue sections of the major liver
lobes were taken from all treatment and control groups at ter-
mination of the rats and preserved in buffered formalin for
GSTP staining according to the method of Ogawa et al. (36).
Dewaxed tissue sections (5 µm) were immunostained with a
strepavidin-biotin-peroxidase complex and an affinity-puri-
fied biotin-labeled goat anti-rabbit IgG serum (Vector Labo-
ratories, Burlingame, CA). Negative controls, without the an-
tibody, were also included to test the specificity of the anti-
GSTP antibody binding. The number and size (internal
diameter using the largest transverse of longitudinal measure-
ment) of the GSTP+ foci were quantified microscopically (4×
objective) and categorized according to the internal diameter
of the foci (10 to 20, 21 to 50, 51 to 100, >100 µm, and total,
i.e., >20 µm). The results were expressed as number per cm2.

Protein determination. Powdered liver preparations
(10–15 mg) from the liquid nitrogen homogenization step
were first solubilized in 5% SDS at 37°C, and the protein con-
tent was determined using a modified method of Lowry (37).
The protein content in the liver homogenate prepared for the
lipid peroxidation determination was determined as described
by Kaushal and Barnes (38).

Statistical analyses. Descriptive statistics performed on
the data indicated that all groups were normally distributed
(Kolmogorov–Smirnof Test) with homogeneity among the
variances (Levene’s Test). Initial statistical analyses included
two-way ANOVA testing for interaction effects between diet
and tissue type, which was followed by one-way ANOVA
testing for diet effects across all tissue types and also testing
for tissue effects across all dietary groups. One-way ANOVA
were also used to test for dietary group differences within
each tissue type separately, as well as for tissue type differ-
ences within each dietary group. When dietary group differ-
ences or tissue type differences were present, Tukey’s Stu-
dentized Range Test was used, testing for multiple pairwise
comparisons between the means of the different groups. As
the data were unbalanced, the Tukey–Cramér adjustment was
made automatically. When only two groups were present,
group differences were tested using Student’s t-test. Statisti-
cal significance was considered at P < 0.05.

RESULTS

FA content of dietary oils (Table 1). FA analyses of the dietary
oils showed that with regard to PUFA, the SFO oil mainly
contained 18:2n-6 (62.25%) with an n-6/n-3 FA ratio of ap-
proximately 250:1 consisting of total n-6 and n-3 FA levels
of 62.31 and 0.25%, respectively. The SOY oil primarily con-
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sisted of 18:2n-6 (48.53%) and 18:3n-3 (9.2%). The total n-6
and n-3 FA levels were 48.57 and 9.2%, respectively, with a
n-6/n-3 ratio of approximately 5:1. The GLA dietary oil con-
tained 18:2n-6 (53.42%) and 18:3n-6 (6.2%) compared to
60.15 and 0.12% in the EPA dietary oil. Both the GLA and
EPA dietary oils contained total n-6 and n-3 FA levels of 60
and 5%, respectively, with an n-6/n-3 ratio of approximately
12:1. Both dietary oils also contained relatively high levels of
20:5n-3 (3.5%).

Due to the complexity and amount of data, all data for the
lipid parameters and FA were first analyzed by two-way
ANOVA for any diet and tissue interactions. Where a signifi-
cant (P < 0.05) interaction occurred, the data were further an-
alyzed by one-way ANOVA for diet effects across all tissue
types and tissue effects across all dietary groups. Where no
diet–tissue interactions were observed, the data were de-
scribed as a diet and/or tissue effect, independent of each
other. Because only overall interactions and effects were ob-
served with this type of data analyses, the data were also sep-
arately analyzed by one-way ANOVA in which the different
diet and tissue types were not grouped together as for the two-
way ANOVA. The data in Tables 2, 3, and 4 and Figures 2
and 3 depict the results from these one-way ANOVA analy-
ses.

Lipid parameters: phospholipid and cholesterol content
(Table 2). (i) Phospholipids. No diet–tissue interaction was ob-
served. Two-way ANOVA indicated significant (P < 0.05) ef-
fects due to the diet and tissue for PC and PE. Overall, the PC
and PE levels were significantly (P < 0.05) higher in the nodule
tissue. Overall the tissues, the EPA diet decreased (P < 0.05) the

PC and PE levels in the nodules when compared to the SFO
diet. The separate one-way ANOVA revealed a significantly
(P < 0.05) higher PE level in the nodule tissue compared with
the respective surrounding and control in all the diet groups
(Table 2).

(ii) Cholesterol. No diet–tissue interaction was observed.
Two-way ANOVA revealed significant (P < 0.05) effects due
to the diet and tissue. The cholesterol level was significantly
(P < 0.05) higher in the nodule tissue whereas the low n-6/n-
3 ratio diets significantly (P < 0.05) decreased the cholesterol
level when compared to the SFO dietary group. A similar ef-
fect was noticed when the data were analyzed by the separate
one-way ANOVA. The GLA diet also significantly (P < 0.05)
decreased the cholesterol level in the surrounding tissue com-
pared with the SFO surrounding tissue.

(iii) Lipid parameter ratios (PC/PE and Chol/PL). No
diet–tissue interaction was observed for the PC/PE ratio.
Two-way ANOVA revealed a significant (P < 0.05) tissue ef-
fect with a lower PC/PE ratio in the nodule tissue. A signifi-
cant (P < 0.05) diet and tissue interaction was observed for
the Chol/PL ratio. Analyses by one-way ANOVA showed a
significant (P < 0.05) diet effect reflected by a decrease in the
Chol/PL ratio with the GLA diet when compared with the EPA
diet. Separate one-way ANOVA revealed that the Chol/PL ratio
was significantly (P < 0.05) decreased in the nodules by the
GLA and EPA diets compared to the SFO diet (Table 2).

Comparative FA parameters: effect of SFO, SOY, GLA,
and EPA diets on the FA content of the PC and PE phospho-
lipid fraction of hepatocyte nodule, surrounding and control
tissues (Tables 3 and 4). (i) Saturated FA (16:0, 18:0).
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TABLE 2
Comparative Phospholipid and Cholesterol Content and Parameters in the Nodule, Surrounding and Control Liver of Rats Fed a Diet
with Varying n-6/n-3 FA Ratios Phospholipid Concentrationa

Phospholipid concentration PC/PE phospholipid ratio
(µg/mg protein)

Diet Nodule Surrounding Control Nodule Surrounding Control

SFO PC 113.63 ± 31.56A 102.32 ± 11.08A 107.87 ± 14.55A 1.99 ± 0.53a 3.07 ± 0.46b 2.83 ± 0.30b

PE 57.20 ± 5.08A 35.58 ± 7.05B 39.71 ± 5.68B

SOY PC 104.76 ± 11.33A 95.40 ± 13.13A 91.94 ± 6.89A 2.19 ± 0.30a 3.09 ± 0.39b 2.90 ± 0.32b

PE 51.77 ± 6.71A 30.80 ± 5.46B 32.05 ± 4.64B

GLA PC 106.90 ± 20.70A 87.82 ± 10.55A 99.09 ± 9.30A 2.17 ± 0.19a 2.60 ± 0.17b 2.91 ± 0.45b

PE 49.09 ± 8.45A 35.29 ± 4.72B 31.95 ± 8.60B

EPA PC 101.95 ± 21.65A 82.10 ± 12.70A — 2.19 ± 0.36a 2.83 ± 0.49b —
PE 48.73 ± 5.24A 29.71 ± 8.23B —

Cholesterol Concentration Cholesterol/phospholipid Molar Ratio
(µg/mg protein)

SFO 19.73 ± 3.30a 15.88 ± 3.12a 14.82 ± 2.45 0.24 ± 0.05a 0.22 ± 0.05ab 0.20 ± 0.04
SOY 15.17 ± 2.02Ab 13.97 ± 2.14ABab 12.32 ± 1.98B 0.19 ± 0.02ab 0.22 ± 0.04ab 0.20 ± 0.02
GLA 13.99 ± 2.22b 11.93 ± 1.66b 11.94 ± 2.98 0.18 ± 0.01b 0.19 ± 0.02a 0.19 ± 0.04 
EPA 13.84 ± 1.67b 13.05 ± 1.06ab — 0.18 ± 0.02Ab 0.25 ± 0.04Bb —
aValues are means ± SD of 5 or 6 replications. Initial statistical analyses included two-way ANOVA testing for interaction effects between diet and tissue
type, followed by one-way ANOVA testing for overall diet effects across all tissue types and testing for overall tissue effects across all dietary groups. Sepa-
rate one-way ANOVA was performed to test for significance between different tissue types separately within the same dietary group, as indicated by super-
script uppercase letters within a row (P < 0.05).  One-way ANOVA was also used to test separately for differences within the same tissue type, but compared
between the different dietary groups, as indicated by lowercase letters (P < 0.05) and identical color in a column. SFO = sunflower oil diet, SOY = soybean
oil diet, GLA = sunflower/eicosapentaenoic acid-50/gamma-linolenic acid-80 oil diet, EPA = sunflower/eicosapentaenoic acid-50 oil diet.  The
cholesterol/phospholipid molar ratio was calculated using the sum of PC and PE, which constitute the two major phospholipid fractions in rat liver. 
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PC fraction. No significant diet–tissue interactions were ob-
served. Two-way ANOVA showed a significant (P < 0.05) tis-
sue effect for 16:0, 18:0, and the total saturated FA (SATS),
as well as a diet effect (P < 0.05) for 18:0. Overall, the levels
of 16:0 and the total SATS were higher in the nodule tissue
than in the surrounding and control, except for 18:0 which
was higher in the control tissue. Separate one-way ANOVA
showed that the level of 18:0 was also significantly (P < 0.05)
decreased in the nodules by the SOY diet when compared
with the SFO diet (Table 3).

PE fraction. There were no diet–tissue interactions. Two-
way ANOVA revealed a significant (P < 0.05) tissue effect
for 16:0, 18:0, and total SATS. Overall, the levels of 16:0,
18:0, and total SATS were higher in the nodules than in sur-
rounding and control tissues. Separate one-way ANOVA re-
vealed that 16:0 was significantly (P < 0.05) increased in the
nodules by the GLA diet when compared with the SFO diet
(Table 4). 

(ii) Monounsaturated FA (16:1, 18:1). PC fraction. A sig-
nificant (P < 0.05) diet-tissue interaction was observed for
16:1, 18:1, and the total monounsaturated FA (MUFA).
Analyses by one-way ANOVA showed a significant (P < 0.05)
tissue effect for these FA and the total MUFA. Overall, these
FA levels were highest in the nodules compared with sur-
rounding and control tissue. Separate one-way ANOVA indi-
cated that the SOY and GLA diets significantly (P < 0.05) de-
creased the levels of these FA in the control tissue when com-
pared with the SFO diet (Table 3). 

PE fraction. A significant (P < 0.05) diet–tissue interac-
tion was observed for 18:1 and the total MUFA only. One-
way analyses revealed a significant (P < 0.05) tissue effect
with the highest levels observed in the nodule tissue com-
pared with the surrounding and control. Two-way ANOVA
for 16:1 indicated a significant (P < 0.05) tissue effect with
the highest level observed in the nodules. Separate one-way
ANOVA revealed that 18:1 and total MUFA were signifi-
cantly (P < 0.05) decreased in the nodule and control tissues
by the SOY and GLA diets when compared with the SFO diet
(Table 4).

(iii) n-6 PUFA (18:2, 18:3, 20:3, 20:4, 22:4, 22:5). PC
fraction. Significant (P < 0.05) diet–tissue interactions were
observed for 18:3, 20:3, and 22:5. One-way ANOVA showed
a significant (P < 0.05) diet effect for 18:3 and 22:5, whereas
a diet and tissue effect (P < 0.05) was observed for 20:3.
Overall, the SOY and EPA diets decreased 18:3 when com-
pared with the SFO and GLA fed groups. The GLA diet also
increased 20:3 when compared with the other diets, and 22:5
was decreased by the low n-6/n-3 ratio diets. The tissue effect
of 20:3 was reflected by a lower level in the nodule tissue.
Separate one-way ANOVA indicated that the SOY diet sig-
nificantly (P < 0.05) decreased 18:3 in the nodule tissue while
22:5 was decreased by the low n-6/n-3 ratio diets (Table 3). 

Two-way ANOVA revealed significant (P < 0.05) tissue
effects for 18:2, a diet effect for the total n-6 PUFA level, and
both diet and tissue effects for 20:4 and 22:4. Overall, the
18:2 level was the highest in the nodule tissue, whereas 20:4
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FIG. 2. The TBARS level (µmole MDA equivalents/mg protein) was de-
termined in hepatocyte nodules, surrounding and control tissue sam-
ples from rat livers modulated with diets containing sunflower oil (SFO),
soybean oil (SOY), sunflower/eicosapentaenoic acid-50/gamma-linole-
nic acid-80 (GLA) and sunflower/eicosapentaenoic acid-50 (EPA) as fat
sources (Fig. 2A). Two-way ANOVA indicated a significant diet-tissue
interaction. One-way ANOVA showed that the overall TBARS level was
significantly (P < 0.05) increased by the low n-6/n-3 ratio diets com-
pared with the SFO-fed group. Over all the diets, the lowest TBARS level
(P < 0.05) was observed in the nodules compared with the control tis-
sue. Statistical analyses by one-way ANOVA of the separate tissue types
and dietary groups were also done.  This was performed to test for sig-
nificance between different tissue types within the same dietary group,
as indicated by uppercase letters, and for differences within the same
tissue type, but compared between the different dietary groups, as indi-
cated by lowercase letters (P < 0.05). Control (a,b); surrounding (c–e);
nodules (f–h). Figure 2B represents the change in ratio between nodule
and surrounding tissue (nodule/surrounding ratio) compared with a the-
oretically value of 1 (i.e., no difference between nodule and surround-
ing tissue).  Statistical analysis by one-way ANOVA was performed to
test for significance (P < 0.05) between different dietary groups, as indi-
cated by lowercase letters.



and 22:4 were decreased. With regard to the diet, 20:4 was
decreased by the SOY and EPA diets compared to the SFO
and GLA dietary groups, whereas 22:4 and the total n-6
PUFA levels were decreased by the low n-6/n-3 ratio diets. A
similar effect was noticed when conducting the separate one-
way ANOVA on the levels of 20:4 and 22:4 in the nodules,
surrounding and control tissues (Table 3).

PE fraction. Significant (P < 0.05) diet–tissue interactions
were observed for 18:3, 20:3, 20:4, and 22:4. One-way
ANOVA showed a significant (P < 0.05) diet effect for 20:3
and 22:4, whereas a diet and tissue effect was observed for
18:3 and 20:4. 20:3 was decreased by the SOY diet while 22:4
was decreased by the low n-6/n-3 ratio diets when compared

to the SFO diet. Overall, 18:3 was decreased by the SOY and
EPA diets, while the level was lower in the nodule tissue
when compared to the control. The SOY diet decreased the
20:4 level when compared to the SFO diet but, overall, this
FA remained higher in the nodule tissue compared with sur-
rounding and control. 22:4 was decreased by the low n-6/n-3
ratio diets when compared to the SFO fed group. 

Two-way ANOVA revealed a significant (P < 0.05) tissue
effect for 18:2, a diet effect for 22:5 and a diet–tissue effect
for the total n-6 PUFA. Overall, 18:2 was the highest in the
nodule tissue. With regard to diet, 22:5 was decreased by the
low n-6/n-3 ratio diets compared with the SFO-fed group. Al-
though the total n-6 PUFA level was decreased by the low n-6/
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FIG. 3. The GSH (Fig. 3A) and GSSG (Fig. 3B) levels were determined in hepatocyte nodules, surrounding and con-
trol tissue from rats fed diets containing sunflower oil (SFO), soybean oil (SOY), sunflower/eicosapentaenoic acid-
50/gamma-linolenic acid-80 (GLA), and sunflower/eicosapentaenoic acid-50 (EPA) as fat sources.  Two-way
ANOVA indicated a significant (P < 0.05) diet–tissue interaction for GSH and GSSG, although only a significant (P
< 0.05) effect due to tissue was observed for GSH. Over all the diets, the GSH level was significantly (P < 0.05)
higher in the nodule tissue. Statistical analyses by one-way ANOVA of the separate tissue types and dietary groups
were also done.  These were performed to test for significance between different tissue types within the same di-
etary group, as indicated by uppercase letters, and for differences within the same tissue type, but compared be-
tween the different dietary groups, as indicated by lowercase letters (P < 0.05). Control (a,b); surrounding (b–e);
nodules (d–h).Figures 3C and 3D indicate the change in ratio in GSH and GSSG between nodule and surrounding
tissue, respectively.  Statistical analysis by one-way ANOVA was performed to test for significance (P < 0.05) be-
tween different dietary groups, indicated by lowercase letters.



n-3 ratio diets, overall the level remained the highest in the
nodules. When considering the separate one-way ANOVA,
20:4 was decreased in the nodules while 22:4 and 22:5 were
decreased in all the tissues by the low n-6/n-3 ratio diets. This
resulted in a significant decrease in the total n-6 FA in the
nodules (Table 4).

(iv) n-3 PUFA (18:3, 20:5, 22:5, 22:6). PC fraction. Sig-
nificant (P < 0.05) diet–tissue interactions were observed for
18:3, 20:5, 22:5, and 22:6 as well as for the total n-3 PUFA.
One-way ANOVA showed a significant (P < 0.05) diet and
tissue effect for 18:3, 20:5 and 22:6, but only a diet effect (P
< 0.05) for 22:5 and the total n-3 PUFA. The 18:3, 20:5, and
22:6 levels were increased by the low n-6/n-3 ratio diets com-
pared with the SFO-fed group. Overall, 18:3 and 20:5 were
higher in the nodule tissue, whereas 22:6 was lower when
compared with surrounding and control tissue. The overall
levels of 22:5 and total n-3 PUFA were increased by the low
n-6/n-3 ratio diets. 

Separate one-way ANOVA indicated that 18:3 was in-
creased by the low n-6/n-3 ratio diets in the nodule, with the
highest level obtained with the SOY diet. 20:5 was increased

significantly (P < 0.05) by the GLA and EPA diets when com-
pared with the SOY diet. 22:5, 22:6, and total n-3 PUFA were
significantly increased by the low n-6/n-3 ratio diets in the
nodules, with the highest levels obtained with the GLA and
EPA diets (Table 3).

PE fraction. Two-way ANOVA showed a significant (P <
0.05) diet and tissue effect for 18:3. The low n-6/n-3 ratio
diets increased the 18:3 level when compared with the SFO-
fed group, with the highest level achieved by the SOY diet.
Overall, 18:3 was highest in the nodule tissue. Significant (P
< 0.05) diet–tissue interactions were observed for 20:5, 22:5,
22:6, and the total n-3 PUFA. One-way ANOVA showed sig-
nificant (P < 0.05) effects due to the diet and tissue for 20:5
and 22:5, but only a diet effect for 22:6 and the total n-3
PUFA. The low n-6/n-3 ratio diets increased the levels of
20:5, 22:5, 22:6, and the total n-3 PUFA. However, of the
three diets, the level of 22:5 was lowest in the SOY-fed group,
whereas 22:6 and the total n-3 PUFA were the highest in the
GLA-fed group. Over all the tissue, 20:5 and 22:5 were the
highest in the nodules when compared to the control tissue.
Separate one-way ANOVA showed a significant (P < 0.05)
increase of the n-3 FA in all the tissues when compared to the
SFO diet. The highest incorporation was obtained with the
GLA and EPA diets (Table 4). 

(v) PUFA and long-chain PUFA (LCPUFA). PC fraction.
No significant diet–tissue interactions were observed. Two-
way ANOVA only revealed significant (P < 0.05) effects due
to the diet and tissue for LCPUFA. Over all the tissue, the
LCPUFA level was decreased by the SOY and EPA diets
when compared with the SFO diet in contrast to the GLA diet,
where the tissue level of LCPUFA was not affected. The level
of the LCPUFA was significantly (P < 0.05) lower in the nod-
ule and surrounding tissue when compared with the control.
Separate one-way ANOVA indicated that the LCPUFA was
decreased in the nodules only by the SOY diet when com-
pared to the SFO diet (Table 3).

PE fraction. Two-way ANOVA for PUFA revealed a sig-
nificant (P < 0.05) diet and tissue effect. The PUFA level was
lowered by the SOY diet when compared with the SFO and
GLA diets. Overall, PUFA were the highest in the nodule tis-
sue compared with surrounding and control. A significant (P
< 0.05) diet–tissue interaction was observed for the LCPUFA
while the one-way ANOVA indicated a significant diet and
tissue effect. Over all the tissue, the GLA diet effected a
higher level of LCPUFA when compared with the SOY diet,
while the level was higher in the nodule tissue compared to
the surrounding and control. Separate one-way ANOVA indi-
cated that the SOY diet significantly (P < 0.05) decreased the
levels of LCPUFA and PUFA in the nodules (Table 4). 

(vi) Membrane FA ratios (Tables 3 and 4). 20:4/20:5, ∆6
S/P, n-6/n-3, P/S ratios. PC fraction. A significant (P < 0.05)
diet–tissue interaction was observed for the 20:4n-6 to 20:5n-
3 FA ratio (20:4/20:5), ∆6-desaturase FA substrate to product
ratio (n-6 S/P), total n-6 to total n-3 PUFA ratio (n-6/n-3), and
the polyunsaturated to saturated FA ratio (P/S). One-way
ANOVA indicated a significant (P < 0.05) diet effect for the
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FIG. 4. Effect of diets containing sunflower oil (SFO), soybean oil (SOY),
sunflower/eicosapentaenoic acid-50/gamma-linolenic acid-80 (GLA),
and sunflower/eicosapentaenoic acid-50 (EPA) as fat sources on num-
ber of GSTP+ foci in liver sections. The number and size of the GSTP+

foci were quantified by microscope (4x objective) and categorized ac-
cording to the internal diameter of the foci as follows: 10 to 20, 21 to
50, 51 to 100, >100 µm/cm2 and total >20.  Statistical analysis by one-
way ANOVA was performed to test for significance between different
dietary groups within a foci size category.  The graph insert shows the
number of GSTP+ foci in the 21 to 50 µm/cm2 foci size category of the
different dietary groups.  The letter in parentheses (b) indicates a mar-
ginally significant (P < 0.1) effect.



20:4/20:5 and n-6/n-3 ratios, a tissue effect for the ∆6 S/P
ratio and a diet and tissue effect for the P/S ratio. Over all the
tissues, the 20:4/20:5 and n-6/n-3 ratios were decreased by
the low n-6/n-3 ratio diets, with the lowest 20:4/20:5 ratio ob-
served in the EPA dietary group. The ∆6 S/P ratio was overall
the highest in the nodule tissue. The SOY diet significantly
decreased the P/S ratio when compared with the GLA diet.
Overall, the ratio was lower in the nodule tissue.

Separate one-way ANOVA indicated that the 20:4/20:5
and n-6/n-3 ratios were decreased in the nodules by the low
n-6/n-3 ratio diets, with the highest decrease obtained with
the GLA and EPA diets. The ∆6 S/P ratio was increased by
the SOY diet but decreased by the GLA diet when compared
with the SFO diet. The P/S ratio was decreased only by the
SOY diet (Table 3).

PE fraction. A significant (P < 0.05) diet–tissue interac-
tion was observed for the 20:4/20:5, ∆6 S/P, and the P/S ra-
tios. One-way ANOVA indicated a significant (P < 0.05) diet
effect for the 20:4/20:5 and P/S ratios and a diet and tissue ef-
fect for the ∆6 S/P ratio. Over all the tissues, the 20:4/20:5
ratio was decreased by the low n-6/n-3 ratio diets, with the
EPA diet exhibiting the lowest ratio. The P/S ratio was de-
creased by the SOY diet when compared with the SFO and
GLA diets. The ∆6 S/P ratio was decreased by the GLA diet
compared with the SFO diet, while overall the ratio was the
higher in the nodule tissue. Separate one-way ANOVA indi-
cated that the 20:4/20:5 ratio was decreased in the nodules
with the low n-6/n-3 ratio diets, with the lowest ratio obtained
with the EPA diet. The ∆6 S/P ratio was decreased in the nod-
ules by the GLA and EPA diets. The P/S ratio was reduced in
the nodules by the SOY diet (Table 4).

The 20:4n-6 nodule to surrounding ratio (20:4n-6 N/S)
was significantly (P < 0.05) decreased by both the SOY and
GLA diets in PC and the GLA diet (P < 0.05) in PE.

Lipid peroxidation (Fig. 2). Significant (P < 0.05) diet and
tissue interactions were revealed for the TBARS level. For
the diet, one-way ANOVA showed that the overall TBARS
level was significantly (P < 0.05) increased by the low n-6/n-
3 ratio diets compared with the SFO diet (Fig. 2A). Over all
the diets, the lowest TBARS level (P < 0.05) was observed in
the nodules compared with the control tissue.

Separate one-way ANOVA showed that the TBARS level
in the nodules of the low n-6/n-3 ratio diets was significantly
(P < 0.05) increased to a similar level as the respective sur-
rounding tissue (Fig. 2A). This resulted in a significant (P <
0.05) increase in the TBARS nodule/surrounding ratio in the
low n-6/n-3 ratio diets with the highest (P < 0.05) ratio ob-
served in the GLA diet (Fig. 2B). The low n-6/n-3 ratio diets
exhibited a shift in the ratio toward an equilibrium of 1 be-
tween the nodule and surrounding tissue (Fig. 2B). The
TBARS level in the nodules of the EPA and GLA diets was
significantly higher than the SOY diet (Fig. 2A).

Glutathione (GSH and GSSG; Fig. 3). Both the GSH and
GSSG levels showed a significant (P < 0.05) diet–tissue inter-
action, although this was related to a significant (P < 0.05) tis-
sue effect in the case of GSH only. Over all the diets, the GSH
level was significantly (P < 0.05) higher in the nodule tissue.

Separate one-way ANOVA showed that the GSH level was
significantly higher (P < 0.05) in the nodules of the SFO di-
etary group compared with the respective surrounding and
control tissue (Fig. 3A). A similar pattern was also observed
with the SOY diet, although the level was significantly in-
creased (P < 0.05) in the surrounding tissue. The EPA and
GLA diets significantly reduced (P < 0.05) the GSH levels in
the nodules (Fig. 3A), while the GLA diet significantly (P <
0.05) increased the level in control tissue. These changes re-
sulted in a significant (P < 0.05) reduction in the GSH nodule
to surrounding ratio (Fig. 3B) with the low n-6/n-3 ratio diets.
The lowest GSH nodule to surrounding ratio was observed
with the EPA diet, while the SOY and GLA diets exhibited
similar ratios. With respect to GSSG, only the SOY diet sig-
nificantly (P < 0.05) reduced the level in the nodules (Fig.
3C). The GSSG nodule to surrounding ratio (Fig. 3D) was
significantly (P < 0.05) lowered by the SOY and GLA diets
and significantly (P < 0.05) increased with the EPA diet com-
pared to the SFO diet.

Induction of GSTP+ foci (Fig. 4). No significant effect on
the induction of GSTP+ foci was observed with the SOY and
EPA diets as compared to the SFO diet (Fig. 4). The GLA diet
markedly lowered foci in all the size categories when com-
pared to the SFO and SOY diets, except for the size category
>100 µm/cm2. The GLA diet marginally (P = 0.052) reduced
the 21 to 50 µm/cm2 focal size category when compared to
the SFO, SOY, and EPA diets (Fig. 4 insert). This size cate-
gory constituted 70 to 76% of the total focal count in these
diets compared with the 64% obtained with the GLA diet. 

DISCUSSION

Alterations in lipid metabolism are associated with cancer de-
velopment affecting the function and growth of neoplastic cells
(6,10). It appears that the regulatory mechanisms related to nor-
mal lipid metabolism are disrupted, thereby altering the growth
and survival of preneoplastic cells (10,39). The interaction be-
tween cholesterol, phospholipids, and FA is of importance in
maintaining the integrity and functioning of cell membranes
(40,41). A study by Blom et al. (42) reported that, in response
to cholesterol loading, there was an increase in the phospho-
lipid species containing PUFA, resulting in an increased mem-
brane unsaturation. In the present study, increased levels of
cholesterol and PE in hepatocyte nodules were associated with
changes in the SATS, MUFA, and PUFA. The low n-6/n-3 FA
ratio diets mainly altered the LCPUFA content of the major
phospholipid fractions as well as the cholesterol level and
Chol/PL ratio in the nodule tissue, while the PC and PE phos-
pholipid concentrations were decreased. These changes were
shown to affect the membrane fluidity of hepatocyte nodules in
a previous study (10). Alterations in these parameters could be
of importance when considering the potential role of lipid rafts
in controlling certain cell signaling events by modulating the
activity of raft proteins (43,44).

PUFA are known to affect various cellular processes in-
cluding proliferation and/or apoptosis through the formation
of oxidation products and prostaglandins (11,45). In the pres-
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ent study, the low n-6/n-3 ratio diets significantly increased
the n-3 FA content, especially 20:5n-3 and 22:6n-3, with a
concomitant decrease in the n-6 PUFA levels. The regulation
of 20:4n-6 in cancer cells by dietary FA intervention utilizing
20:5n-3, a precursor of the 3-series prostaglandins, has been
suggested as it competes for the cyclooxygenase enzyme. The
20:4n-6 to 20:5n-3 FA ratio is therefore of importance, indi-
cating a shift in the type of prostaglandin synthesized (46).
The low n-6/n-3 ratio diets significantly decreased 20:4n-6
and increased 20:5n-3 in PC and PE resulting in a decreased
20:4/20:5 ratio. The kinetics of changes in these parameters
differed between the diets with the EPA diet inducing the
largest effect. However, as 20:4n-6 has been implicated in the
induction of apoptosis via the stimulation of ceramide release
(47,48), excessive reduction of 20:4n-6 could impact nega-
tively on the apoptotic rate in the nodules in counteracting the
enhanced cell proliferation in this tissue type. Therefore, con-
trol over the level of 20:4n-6 by dietary intake of 20:5n-3 and
22:6n-3 can be exercised, due to their feedback inhibition on
the activity of the ∆5- and ∆6-desaturases (8,12). Dietary
GLA also modulates the levels of 20:3n-6 and 20:4n-6,
thereby influencing prostaglandin synthesis (49,50). In the
present study, the GLA diet modulated the 20:4/20:5 ratio by
stabilizing the replacement/decrease of 18:3n-6, 20:3n-6, and
20:4n-6 by the SOY diet and 18:3n-6 and 20:4n-6 by the EPA
diet. The characteristic difference in the 20:4n-6, PUFA, and
LCPUFA pattern between the nodule and surrounding tissue
was equalized by the GLA diet in PE. GLA decreased the
20:4n-6 nodule/surrounding ratio to approximately 1 by by-
passing the impaired ∆-6-desaturase. This could compensate
for the increased level of 20:4n-6 due to the persistent high
concentration of PE in the nodule tissue. In contrast, the EPA
diet had a comparable nodule to surrounding ratio to the SFO
diet, as the replacement of 20:4n-6 by the n-3 PUFA was sim-
ilar in the nodule and surrounding tissue. Therefore, changes
in the levels of both 18:3n-6 and 20:3n-6, together with a shift
in the 20:4 nodule/surrounding and 20:4/20:5 ratios in hepa-
tocyte nodules, are likely to direct prostaglandin synthesis
away from 20:4n-6. In addition, the n-3 PUFA inhibit the
phospholipase-induced release of 20:4n-6 (51,52), while
20:5n-3 has a potentiating effect on the growth regulatory ef-
fects of 20:3n-6 presumably via the production of the 1-series
prostaglandins and 15-OH-dihomo-GLA, which inhibits cell
proliferation (11). This potentiating effect is manifested by
the lack of interference of n-3 PUFA in the elongation of
18:3n-6 to 20:3n-6, which will favor the formation of PGE1,
thereby further modulating PGE2 formation (11).

High LCPUFA and lipid peroxidation levels have been
shown to be important mechanisms in the inhibition of can-
cer cell proliferation (15,53). Impairment of the ∆6-desat-
urase enzyme could therefore play an important role in main-
taining low LCPUFA levels, contributing to a low oxidative
status in cancer tissue, with respect to hepatocyte nodules
(10,12). Changes in cholesterol, phospholipids, and FA un-
saturation level of PC have been shown to be important for
the optimal functioning of the ∆6-desaturase enzyme (54,55).

In the present study the dysfunctional desaturase enzyme was
not affected by the low n-6/n-3 ratio diets, indicated by the
persistent elevated levels of 18:1n-9 and 18:2n-6 in the nod-
ule PC and PE fractions and persistent lower level of 22:6n-3
in the nodule tissue. The increase in lipid peroxidation can
therefore be attributed to the increase in the n-3 LCPUFA,
specifically 22:6n-3, which is known to be a good substrate
for lipid peroxidation (56). Although 22:6n-3 was increased
by the low n-6/n-3 ratio diets, it remained lower in the nod-
ules in comparison to the surrounding and control tissue. This
is probably due to the impaired ∆-6-desaturase enzyme,
which also catalyzes the conversion of 22:5n-3 to 22:6n-3. Of
interest is that the level of 18:1n-9, reported to be an effective
antioxidant (16), was decreased in PE by the SOY and GLA
diets which could contribute to the increased lipid peroxida-
tion level in the nodules. 18:1n-9 also promotes cell prolifer-
ation and is a negative regulator of apoptosis (57).

The regulation of the oxidative status by GSH is of impor-
tance with regard to tumor growth (58). A higher GSH level
in breast cancer tumors is associated with an increased level
of cell proliferation (59). GSH is also elevated in a number of
drug-resistant tumor cell lines and tumor cells isolated from
patients resistant to drug therapy (60). In the present study,
the GSH level was significantly increased in the nodules of
the SFO- and SOY-fed dietary rats, but was decreased in the
nodules of the GLA and EPA dietary groups, which coincided
with the increased TBARS formation. A study by Kokura et
al. (61) showed a similar effect with respect to an increased
lipid peroxidation and decreased GSH levels in tumor cells of
rats dosed with 20:5n-3. The decreased GSH, associated with
the EPA and GLA diets, can be attributed to the high level of
dietary 20:5n-3, which lies downstream of the ∆6-desaturase.
In contrast, the SOY diet did not decrease the GSH level in
the nodules, presumably, as stated above, due to the source of
dietary n-3 FA, i.e., 18:3n-3, which lies upstream of the ∆6-
desaturase. As mentioned earlier, the nodules of the SOY di-
etary group had lower n-3 FA levels in contrast to the GLA
and EPA groups (Tables 3 and 4). The increased lipid peroxi-
dation mainly targeted the hepatocyte nodules with a far less
significant impact on the oxidative status in the surrounding
and control tissue. In the case of the GLA diet, the increased
oxidative status in the nodule tissue contributed to the re-
duced number of GSTP+ foci and/or nodules in the foci cate-
gory comprising the largest number of foci. This decrease can
be ascribed to the so-called “GLA effect”, which seems to sta-
bilize the level of 20:4n-6, when considering the 20:4n-6 nod-
ule/surrounding ratio. In addition to the potential modulating
effect of 18:3n-6, via 20:3n-6, and 20:5n-3 on prostaglandin
synthesis in tumor cells, these PUFA, including 20:4n-6, also
elicit responses by directly influencing intracellular signaling
pathways and transcription factor activity (6,8,12,23). Other
FA such as 18:1n-9 have also been shown to exhibit antiapop-
totic effects and stimulate cell proliferation in MDA-MB-231
breast cancer cells. This effect was found to be linked to
18:1n-9 stimulation of PI 3-kinase (PI3-K) activity, a key sig-
nal transduction enzyme involved in the control of cell
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growth (57). Of interest is that both the SOY and GLA diets
significantly reduced the level of 18:1n-9 in the PE phospho-
lipid fraction of the nodules.

The decrease in LCPUFA levels, due to impairment of the
∆6-desaturase in hepatocyte nodules, is likely to play an im-
portant role in the subsequent modulatory effect on nodule
development. In this regard, the role of dietary FA in control-
ling cellular homeostasis seems to be important in balancing
events related to apoptosis and cell proliferation to sustain
normal growth. Certain dietary n-6 and n-3 FA, therefore,
could create a multiple control mechanism for regulating can-
cerous growth depending on the dietary n-6/n-3 FA ratio as
well as the type of FA constituting this ratio. 
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ABSTRACT: We reported previously that unsaturated linear-
chain FA of the cis-configuration with a C18-hydrocarbon chain
such as linoleic acid (18:2∆9c,12c) could potently inhibit the
activities of mammalian DNA polymerases and DNA topoiso-
merases, but their saturated forms could not. There are chemi-
cally two classes of unsaturated FA, normal and conjugated, but
only the conjugated forms show potent antitumor activity. In
this report, we study the inhibitory effects of chemically synthe-
sized conjugated C18-FA on mammalian DNA polymerases and
DNA topoisomerases as compared with normal unsaturated FA.
The conjugated α-eleostearic acid (18:3∆9c,11t,13t) was the
strongest of all the FA tested. For the inhibition, the conjugated
form is crucially important. The energy-minimized 3-D struc-
tures of the FA were calculated, and both a length of less than
20 Å and a width of 8.13–9.24 Å in the C18–FA structure were
found to be important for enzyme inhibition. The 3-D structure
of the active site of both DNA polymerases and topoisomerases
must have had a pocket to join α-eleostearic acid, and this
pocket was 12.03 Å long and 9.24 Å wide.

Paper no. L9577 in Lipids 39, 977–983 (October 2004 )

We have screened inhibitors of mammalian DNA poly-
merases (1,2), and found that mammalian DNA polymerase
α and β (pol α and β) are inhibited by linear-chain FA with
the following characteristics: a hydrocarbon chain containing
18 or more carbons, a free carboxyl end, and the double bonds
with the cis-configuration (1–3). The mode of binding of lin-
ear-chain FA to pol β has been studied extensively using
NMR spectroscopy; FA were shown to specifically bind to the
proteolytic N-terminal 8-kDa domain fragment of pol β at the
DNA-binding groove (4). FA could also strongly inhibit the
activities of human DNA topoisomerase I and II (topo I and
II), with a degree of inhibition almost the same as that of the
polymerases (5). In these studies, we realized the importance
of the 3-D structure of FA and the presence of two classes of

unsaturated linear FA, normal and conjugated. In this report,
we describe the relationship between FA and the mode of in-
hibition, concentrating on the actions of conjugated FA.

Conjugated FA are positional and geometrical isomers in
which conjugated double bonds are present. Among such FA,
CLA, a mixture of 9c-, 11t-, 10t-, and 12c-octadecadienoic
acids (18:2∆9c,11t and 18:2∆10t,12c, respectively) as major
constituents, is known to have various physiological proper-
ties (6–10). It has been reported that dietary supplementation
of conjugated linoleic acid reduces the incidence of mammary
tumors in mice (11). CLA has also been shown to inhibit the
proliferation of human breast cancer cells (12), colon cancer
cells (13), and lung cancer cells (14) in culture. Additionally,
n-3 highly unsaturated FA such as α-linolenic acid have been
shown to have anticarcinogenic activity in vitro and in vivo
(15–18). We previously reported the effect of in vivo tumor
growth suppression by conjugated FA (19,20). Therefore, we
prepared conjugated C18-FA converted from linoleic acid
(18:2∆9c,12c), α-linolenic acid (18:3∆9c,12c,15c), and
stearidonic acid (18:4∆6c,9c,12c,15c). The conjugated FA
could also act as inhibitors of DNA polymerases and topoiso-
merases, and could be even stronger inhibitors than linoleic
acid. As expected, some conjugated FA were strong in-
hibitors. Using computer modeling and 3-D structural analy-
sis, we suggest the 3-D site where the enzyme binds to the
conjugated FA. The molecular design method may be useful
in creating agents for cancer chemotherapy.

MATERIALS AND METHODS

Materials. The linear-chain FA were named using the nomen-
clature described by Weete (21). In the following symbols,
(A:B2 ∆C1c,C2t), “A” refers to the number of carbon atoms,
“B2” refers to the number of double bonds, “C1,C2” repre-
sents the position of each double bond from the carboxyl end
of the molecule, and “c” and “t” refer to the cis- and trans-
configurations of the double bond, respectively. Saturated
C18-FA; n-octadecanoic acid (stearic acid, 18:0), and the cis-
configuration of unsaturated C18-FA such as cis-9-octade-
cenoic acid (oleic acid, 18:1∆9c), cis-9,12-octadecadienoic
acid (linoleic acid, 18:2∆9c,12c), cis-9,12,15-octadeca-
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trienoic acid (α-linolenic acid, 18:3∆9c,12c,15c), and cis-
6,9,12,15-octadecatetraenoic acid (stearidonic acid,
18:4∆6c,9c,12c,15c) were purchased from Nu-Chek-Prep
Inc. (Elysian, MN). Nucleotides such as [3H]2′-deoxythymi-
dine 5′-triphosphate (dTTP, 43 Ci/mmol) and chemically syn-
thesized template-primers such as polydeoxyriboadenylic
acid [poly(dA)] and oligo(12–18) deoxyribothymidylic acid
[oligo(dT)12–18] were purchased from Amersham Biosciences
(Buckinghamshire, United Kingdom). All other reagents were
of analytical grade and were purchased from Wako Ltd.
(Osaka, Japan).

Preparation of conjugated C18-FA by alkaline treatment.
Conjugated C18-FA were prepared by using alkaline treatment
following an AOAC method with slight modifications (22).
Potassium hydroxide at a concentration of the 6.6 or 21%
(w/w) in ethylene glycol was prepared, and the potassium hy-
droxide solution was bubbled for 5 min with nitrogen gas. Ten
milligrams of linoleic acid, linolenic acid, or stearidonic acid
was added to 1 mL of 6.6 or 21% potassium hydroxide solu-
tion in a test tube (10 mL volume). The mixture was bubbled
with nitrogen gas and then screw-capped and allowed to stand
for 5 or 10 min at 180°C. The reaction mixture was cooled
and 1 mL of methanol was added. The mixture was acidified
to below pH 2 with 2 mL of 6 N HCl. After dilution with 2
mL of distilled water, the conjugated FA was extracted with 5
mL of hexane. The hexane extract was then washed with 3
mL of 30% methanol and with 3 mL of distilled water before
being evaporated under a stream of nitrogen gas. Each isomer
of converted C18-FA was separated using a Shimadzu HPLC
system. The conjugated FA were stored at −20°C after being
purged with nitrogen gas. UV/Vis spectrophotometric analysis
of the conjugated FA was performed with a Shimadzu UV-
2400PC. Spectrophotometric readings confirmed the conju-
gated FA of diene (at 235 nm), triene (268 nm), and tetraene
(315 nm) (22,23).

Enzymes. DNA polymerase α (pol α) was purified from
calf thymus by immuno-affinity column chromatography, as
described previously (24). Recombinant rat pol β was puri-
fied from Escherichia coli JMpβ5 as described by Date et al.
(25). The human pol γ catalytic gene was cloned into pFast-
Bac. Histidine-tagged enzymes were expressed using the
BAC-TO-BAC HT Baculovirus Expression System accord-
ing to the supplier’s manual (Life Technologies, Rockville,
MD) and purified using ProBoundresin (Invitrogen Japan,
Tokyo, Japan) (Mizushina, Y., Yoshida, H., and Sakaguchi,
K., unpublished data). Human pol δ and ε were purified from
the nuclear fraction of human peripheral blood cancer cells
(Molt-4) using the second subunit of pol δ- and ε-conjugated-
affinity column chromatography, respectively (26). Human
recombinant DNA topoisomerase I (topo I) and DNA topo-
isomerase IIα (topo II) (2 units/µL each) were purchased
from TopoGen, Inc. (Columbus, OH).

DNA polymerase assays. Activities of DNA polymerases
were measured by methods described previously (2,3). For
DNA polymerases, poly(dA)/oligo(dT)12–18 and [3H]-2′-
deoxythymidine 5′-triphosphate were used as the template-

primer DNA and nucleotide substrate, respectively. Prepared
conjugated C18-FA were dissolved in DMSO at various con-
centrations and sonicated for 30 s. Aliquots of 4 µL of soni-
cated samples were mixed with 16 µL of each enzyme (final,
0.05 units) in 50 mM Tris-HCl (pH 7.5) containing 1 mM DTT,
50% glycerol, and 0.1 mM EDTA, and held at 0°C for 10 min.
These inhibitor-enzyme mixtures (8 µL) were added to 16 µL
of each of the enzyme standard reaction mixtures, and incuba-
tion was carried out at 37°C for 60 min, except for Taq DNA
polymerase, which was incubated at 74°C for 60 min. The ac-
tivity without the inhibitor was considered 100%, and the re-
maining activities at each concentration of inhibitor were de-
termined relative to this value. One unit of DNA polymerase
activity was defined as the amount of enzyme that catalyzed
the incorporation of 1 nmol of dTTP into synthetic template-
primers [i.e., poly(dA)/oligo(dT)12–18, A/T = 2:1] in 60 min at
37°C under normal reaction conditions for each enzyme (2,3).

DNA topoisomerase (topo) assays. Relaxation activities of
DNA topoisomerases were determined by detecting the con-
version of supercoiled plasmid DNA to its relaxed form. The
topo II reaction was performed in 20-µL reaction mixtures
containing 50 mM Tris-HCl buffer (pH 8.0), 120 mM KCl,
10 mM MgCl2, 0.5 mM ATP, 0.5 mM DTT, pBR322 plasmid
DNA (200 ng), 2 µL of inhibitor solution (10% DMSO), and
one unit of topo II. The reaction mixtures were incubated at
37°C for 30 min and terminated by adding 2 µL of loading
buffer consisting of 5% sarkosyl, 0.0025% bromophenol
blue, and 25% glycerol. The mixtures were subjected to 1%
agarose gel electrophoresis in Tris-acetate-EDTA running
buffer. The agarose gels were stained with ethidium bromide,
and DNA was visualized on a UV transilluminator. Zero-D
scan (version 1.0; M&S Instruments Trading Inc., Tokyo,
Japan) was used for densitometric quantitation of the plasmid
DNA products. Relaxation activity of topo I was analyzed in
the same manner as described above, except that the reaction
mixtures contained 10 mM Tris-HCl (pH 7.9), pUC19 plas-
mid DNA (200 ng), 1 mM EDTA, 150 mM NaCl, 0.1% BSA,
0.1 mM spermidine, 5% glycerol, and one unit of topo I. One
unit was defined as the amount of enzyme capable of relaxing
0.25 µg of DNA in 15 min at 37°C.

Computational analysis of C18-FA. A compound model
was constructed and simple-minimized. Compound models
were simulated with force field parameters based on the Con-
sistent Valence Force Field. Group-based cutoffs, 0.95 nm for
van der Waals and 0.95 nm for Coulomb interactions, were
introduced. The temperature was set at 298 K. Calculations
based on simulation images were carried out using INSIGHT
II (Accelrys Inc., San Diego, CA).

RESULTS AND DISCUSSION

Conjugated C18-FA-mediated inhibition of mammalian DNA poly-
merases and human topo. First of all, we tested whether several
classes of linear-chain conjugated C18-FA have the ability to in-
hibit calf DNA pol α, rat pol β, and human DNA topo I and II.
Twenty micromoles of saturated FA with an 18-hydrocarbon chain
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(i.e., stearic acid, 18:0) inhibited pol α activity (Fig. 1A), with an
IC50 value of 15.0 µM, but had no inhibitory effect on pol β,
topo I, or topo II (Figs. 1B–D). On the other hand, monounsatu-
rated linear-chain C18-FA of the cis-configuration (i.e., oleic
acid, 18:1∆9c) significantly inhibited the activities of all en-
zymes tested. Only the conjugated FA inhibited the activities of
pol β, topo I, and topo II, which could be molecular targets for
anticancer chemotherapy. We therefore systematically tested the
inhibitory effect of the three purified C18:2-conjugated FA
(18:2∆9c,11c, 18:2∆9t,11t, and 18:2∆10t,12c) converted from
linoleic acid (18:2∆9c,12c), the six purified C18:3-conjugated FA
[jacaric acid (18:3∆8c,10t,12c), calendic acid (18:3∆8t,10t,12c),
punicic acid (18:3∆9c,11t,13c), α-eleostearic acid

(18:3∆9c,11t,13t), β-eleostearic acid (18:3∆9t,11t,13t)] converted
from linolenic acid (18:3∆9c,12c,15c), and a purified C18:4-conju-
gated FA (18:4∆9c,11t,13t,15c) converted from stearidonic acid
(18:4∆6c,9c,12c,15c), toward the DNA polymerases and topo-
isomerases.

As shown in Figure 1, at 20 µM, conjugated C18-FA of the
cis-configuration were more potent inhibitors than unsatu-
rated C18-FA of the cis-configuration. Notably, the inhibitory
effect of 18:2∆10t,12c was stronger than that of linoleic acid,
and similarly, the C18:4-conjugated FA was a stronger in-
hibitor than the C18:4 FA. Among C18:3-FA, α-eleostearic acid
was the strongest inhibitor of the DNA polymerases and
topoisomerases. On the other hand, no trans-conjugated FA

INHIBITORY EFFECT OF CONJUGATED FA ON POLS AND TOPOS 979

Lipids, Vol. 39, no. 10 (2004)

FIG. 1. Inhibitory effect of conjugated linear-chain C18-FA (20 µM each) on DNA polymerases
and DNA topoisomerases. (A) calf pol (DNA-directed DNA polymerase) α; (B) rat pol β; (C)
human topo (DNA topoisomerase) I; (D) human topo II. The white bars are normal FA and the
black bars are conjugated FA. Enzyme activity in the absence of FA was taken as 100%. Data
are shown as means ± SEM of three independent experiments.

 



completely inhibited the activities of DNA polymerases and
topoisomerases. These results suggest that conjugated unsat-
urating carbohydrate bonds of the cis-configuration in these
FA play a critical role in the pol α, pol β, topo I, and topo II
inhibitions, but the number of conjugated unsaturating carbo-
hydrate bonds seems to have no relation to the inhibitory ef-
fect.

Figure 2 shows the dose–response curves for each of the
normal or conjugated unsaturated linear-chain C18-FA against
calf pol α and rat pol β. The inhibition by these C18-FA was
dose dependent. Among C18:2- and C18:3-FA, conjugated FA
were stronger pol α and β inhibitors than nonconjugated FA.
The inhibitory effect of α-eleostearic acid was the strongest,
with 50% inhibition for pol α and β observed at doses of 10.7
and 13.4 µM, respectively. Table 1 shows IC50 values for
mammalian pol α to ε and human topos I and II. The in-
hibitory effect of five mammalian DNA polymerases by nor-
mal and conjugated C18-FA was the same as that of human
DNA topoisomerases, suggesting that pol α to ε and topo I
and II have the same inhibitory mechanism.

Double reciprocal plots of the results indicated that the in-
hibition of both calf pol α and rat pol β by α-eleostearic acid
was through competition with the DNA template primer [i.e.,
poly(dA)/oligo(dT)12–18] (data not shown), suggesting that α-
eleostearic acid might compete with the template primer to
bind to the catalytic site of the DNA polymerases.

To determine the effects of a nonionic detergent on the
binding of α-eleostearic acid to the DNA polymerases and
topoisomerases, a neutral detergent, Nonidet P-40 (NP-40),
was added to the reaction mixture at a concentration of 0.1%.
In the absence of α-eleostearic acid, the enzyme activity was
taken as 100%. As shown in Table 2, the inhibitory effect on
pol α, pol β, topo I, and topo II by α-eleostearic acid at 25
µM was largely reversed by the addition of NP-40 to the re-
action mixture, suggesting that the binding to the enzyme by
α-eleostearic acid is hydrophobic. To determine whether the
effects of the compound were due to nonspecific adhesion to
the enzymes or to selective binding at specific sites, we also
tested whether an excess amount of a substrate analogue,
polycytidylic acid [poly(rC)] (100 µg/mL), or a protein, BSA
(100 µg/mL), could prevent the inhibitory effects of α-
eleostearic acid (Table 2). Poly(rC) and BSA showed little or
no influence on the effects of α-eleostearic acid, suggesting
that the binding to the DNA polymerases and topoisomerases
occurs selectively.

3-D modeling of conjugated C18-FA. The conjugated C18-
FA, α-eleostearic acid, was the strongest inhibitor of DNA
polymerases and topoisomerases and was considered to bind
directly to the template-primer binding site in the DNA poly-
merases. Therefore, the inhibition of DNA topoisomerase by
α-eleostearic acid occurs in a similar manner between chemi-
cal structures of the enzyme protein and the FA, as previously
described for the DNA polymerases and normal FA (2,3).
Based on the previous computer modeling data, we carried
out a 3-D structural analysis of the linear-chain conjugated
C18-FA, and speculated on the model of the DNA poly-

merases and topoisomerases with the FA. The energy-mini-
mized 3-D C18-FA obtained by computer modeling are shown
in Figure 3. Oleic acid and α-eleostearic acid formed a V-
shaped curve, with molecular widths of 8.50 and 9.24 Å, re-
spectively (Table 3). The hydrocarbon chain in the saturated
and trans-unsaturated FA molecule was linear because of the
zero or low width, and did not inhibit the enzyme activities
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FIG. 2. Dose–response curves of conjugated linear-chain C18-FA for
DNA polymerases. (A) Calf pol α; (B) rat pol β. C18:2-FA are linoleic acid
(18:2∆9c,12c, open circle) and 18:2∆10t,12c (closed circle). C18:3-FA
are linolenic acid (18:3∆9c,12c,15c, open square) and α-eleostearic
acid (18:2∆9c,11t,13t, closed square). The DNA polymerase activity in
the absence of FA was taken as 100%. Data are shown as means ± SEM
of three independent experiments. For abbreviations see Figure 1.



(Table 3, Fig. 1). Because the hydrocarbon chains in their FA
fold up at the position of the double bonds in the cis-configu-
ration, di- and more unsaturated FA of the cis-configuration
lost molecular length and did not form a V-shaped curve as
seen in α-eleostearic acid. Therefore, both the molecular
width and length of the FA appeared to be important for en-
zyme inhibition. The molecular lengths and widths of normal
and conjugated linear-chain C18-FA are compared in Table 3.
A molecular length of more than 12 Å and molecular width
of 8.5 to 9.5 Å influenced the activities of DNA polymerases
and topoisomerases. The conjugated position of double bonds
in the FA must affect these enzymes directly.

Several anticancer agents in clinical use have been shown
to be potent inhibitors of DNA topoisomerases. For example,
adriamycin (Doxorubicin), amsacrine (m-AMSA), and ellip-

ticine have shown significant activity as inhibitors of topo II.
The plant alkaloid camptothecin and its synthetic derivatives
such as CPT-11 are extensively studied topo I inhibitors. All
of these agents inhibit the rejoining reaction of topoiso-
merases by stabilizing a covalent topoisomerase–DNA com-
plex termed the “cleavable complex.” To determine whether
conjugated FA bind to DNA, the melting temperature (Tm) of
double-stranded DNA (dsDNA) in the presence of more than
100 µM of α-eleostearic acid was measured. The thermal
transition of Tm was not observed, whereas 15 µM of ethid-
ium bromide, a typical intercalating agent, caused the ther-
mal transition (data not shown). Thus, none of the conjugated
FA bound to the dsDNA, suggesting that it must inhibit the
enzyme activities by interacting with the enzymes directly.

INHIBITORY EFFECT OF CONJUGATED FA ON POLS AND TOPOS 981

Lipids, Vol. 39, no. 10 (2004)

TABLE 1
IC50 Values (µM) of Enzymatic Inhibition Against Mammalian DNA Polymerases and Human
DNA Topoisomerases

Mammalian DNA polymerases

FA Pol α Pol β Pol γ Pol ∆ Pol ε

18:0 15.0 ± 0.6 >100 52.5 ± 1.8 50.2 ± 2.2 62.8 ± 2.2
18:1∆9c 11.7 ± 0.5 33.5 ± 1.7 10.4 ± 0.4 33.8 ± 1.8 36.3 ± 1.4
18:2∆9c,12ca 22.5 ± 0.7 56.0 ± 2.7 22.2 ± 0.9 33.8 ± 1.5 39.7 ± 1.6
18:2∆10t,12c 12.8 ± 0.5 18.0 ± 1.2 10.6 ± 0.4 22.0 ± 1.3 29.3 ± 1.0
18:3∆9c,12c,15c 40.4 ± 1.2 >100 31.7 ± 1.4 68.3 ± 2.8 66.7 ± 2.0
18:3∆9c,11t,13ta 10.7 ± 0.4 13.4 ± 0.8 10.6 ± 0.3 14.0 ± 0.8 22.0 ± 0.7
18:4∆6c,9c,12c,15c >100 >100 >100 >100 >100
18:4∆9c,11t,13t,15ca 46.5 ± 1.9 83.1 ± 3.0 >100 71.0 ± 3.3 >100

Human topisomerases

FA Topo I Topo II

18:0 >100 >100
18:1∆9c 22.5 ± 2.0 7.5 ± 0.5
18:2∆9c,12c 35.0 ± 3.0 45.0 ± 3.5
18:2∆10t,12ca 20.0 ± 2.0 5.0 ± 0.5
18:3∆9c,12c,15c >100 50.0 ± 4.0
18:3∆9c,11t,13ta 20.0 ± 2.0 5.0 ± 0.5
18:4∆6c,9c,12c,15c >100 60.0 ± 0.4
18:4∆9c,11t,13t,15ca 37.5 ± 3.5 40.0 ± 2.5
aConjugated FA. Data are shown as means ± SEM of three independent experiments. Pol, DNA-di-
rected DNA polymerase; topo, DNA topoisomerase.

TABLE 2
Effects of Polyoxyriboadenylic Acid [poly(rC)], Bovine Serum Albumin (BSA), or Nonidet P-40 (NP-40) on the In-
hibition of DNA Polymerase and Topoisomerase Activities by α-Eleostearic Acid (18:2∆9c,11t,13t)a

Relative activity (%)

Compounds added to the reaction mixture Pol α Pol β Topo I Topo II

Without the compounds
None (control) 100 ± 1.0 100 ± 2.0 100 ± 5.0 100 ± 5.0
+100 µg/mL poly(rC) 100 ± 0.5 100 ± 1.0 100 ± 2.5 100 ± 2.5
+100 µg/mL BSA 100 ± 2.0 100 ± 2.5 100 ± 5.0 100 ± 5.0
+0.1% NP-40 100 ± 2.5 100 ± 3.0 100 ± 5.0 100 ± 5.0

With 25 µM α-eleostearic acid
25 µM α-eleostearic acid 11.0 ± 0.4 12.3 ± 0.5 50.0 ± 3.0 10.0 ± 1.0
25 µM α-eleostearic acid + 100 µg/mL poly(rC) 9.8 ± 0.3 12.5 ± 0.5 50.0 ± 2.5 10.0 ± 1.0
25 µM α-eleostearic acid + 100 µg/mL BSA 10.5 ± 0.8 13.3 ± 0.7 50.0 ± 4.0 10.0 ± 1.5
25 µM α-eleostearic acid + 0.1% NP-40 95.6 ± 3.5 98.0 ± 4.2 100 ± 6.5 100 ± 5.5

a100 µM poly(rC) and 100 µg/mL BSA or 0.1% NP-40 were added to the reaction mixture. In the absence of α-eleostearic
acid, DNA polymerase activity was taken to be 100%. Data are shown as means ± SEM of three independent experiments.
For abbreviations see Table 1.



Suzuki et al. (27) reported that cis-unsaturated C18-FA were
to be of the noncleavable complex type of topo II inhibitors.
The conjugated C18-FA may be the same mode of topo II in-
hibition as the cis-unsaturated FA.

Inhibitors of DNA polymerases could also be anticancer
agents, as reported previously (28,29), and polymerases and
topoisomerases have recently emerged as important cellular
targets for chemical intervention in the development of anti-
cancer agents. The chemical frames of FA containing conju-
gated double bonds could, moreover, be used for screening
new anticancer chemotherapy agents. They can be pursued
by three-dimentionally using data on the structural hetero-
geneity of the FA binding pockets of the target enzymes, since
the conjugated FA can be chemically synthesized in great va-
riety. Therefore, the computer-simulated drug design of com-
pounds, especially of inhibitors of the polymerases and topoi-
somerases, could be of great interest and may in theory be a
promising approach to developing new agents for anticancer
chemotherapy.
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ABSTRACT: The objective of the present study was to investigate
the effect of three modified milk fats with different melting pro-
files on fasting and postprandial lipid responses and on fecal fat
content in guinea pigs. We hypothesized that the consumption
of modified milk fat with a high m.p. results in reduced fasting
and postprandial lipid responses compared with that of modi-
fied milk fat fractions with lower m.p. To test this hypothesis,
male Hartley guinea pigs were fed isoenergetic diets containing
110 g of fat/kg, either from one of the three modified milk fats
with high (HMF), medium (MMF), or low melting profiles (LMF),
or from one of the two reference fats as whole milk fat (MF) or a
fat blend similar to that of nonhydrogenated soft margarine (MA)
for 28 d. Food intake (P < 0.05) and body weight gain (P < 0.05)
were reduced in the animals fed the HMF diet compared with
the other groups. In the fasting state, plasma LDL cholesterol
was highest in animals fed the LMF diet, intermediary in those
fed the MMF and MF diets, and lowest in those fed the HMF and
MA diets (P < 0.05). Postprandially, the areas under the 0- to 3-h
curves for the changes in plasma TG were lower in the HMF
group than in the MA- and LMF-fed guinea pigs (P < 0.05). The
fecal fat content was higher (P < 0.05) in the HMF group com-
pared to the other milk fat groups. The present results suggest
that modified milk fats can impact food intake, body weight
gain, fasting cholesterolemia, and postprandial triglyceridemia,
and these changes may be attributed to an altered fat absorption.

Paper no. L9536 in Lipids 39, 985–992 (October 2004).

Numerous studies have demonstrated that the consumption of
milk fat compared with soft margarine causes an elevation of
plasma LDL cholesterol and apolipoprotein B (apoB) (1–4)
and can increase the risk of cardiovascular diseases in hu-
mans. Evidence indicates that the high levels of two saturated
FA (SFA), myristic and palmitic acids (5), and of cholesterol
(6) would be the major dietary factors in milk fat raising cho-
lesterolemia.

Over the past decade, new technologies have enabled food
scientists to design new foods to reduce the cholesterol-raising
properties of milk fat. These technologies involve the transfor-
mation of milk fat composition either by interesterification,
cow-feeding, or fractionation technology. Chemical or enzy-
matic interesterification is a random process exchanging FA
positions on the glycerol molecule. Although this procedure is
largely used in the fat and oil industry to modify physical and
chemical properties, there is scepticism about the impact of in-
teresterified fats on the lipid profile because of their negligible
effect on fasting plasma lipids in adults (7). Nevertheless, Mu-
tanen et al. (8) showed that enzymatic interesterified milk fat
compared with natural milk fat can lower postprandial TG con-
centrations in women, and they attributed this reduction to re-
duced fat absorption.

Feeding cows on rations supplemented with unsaturated
oils encapsulated with formaldehyde-casein yields a milk fat
with reduced SFA and increased monounsaturated FA
(MUFA) and PUFA levels. Noakes et al. (9) observed that
the consumption of products containing this unsaturated FA-
enriched milk fat lowered plasma total and LDL cholesterol
by 4–5% after a 4-week dietary intervention in 33 men and
women.

Fractionation technology is widely used to modify physico-
chemical and nutritional properties of fats and oils. Vacuum
steam distillation, a process generally used for oil refining,
has been used to reduce cholesterol concentration in animal
fats (including milk fat and lard). A cholesterol-reduced ani-
mal fat lowered plasma TG and cholesterol concentrations by
14 and 3%, respectively, compared with a regular animal fat
in normolipidemic postmenopausal women (10). Various
methods have been developed to reduce cholesterol and to
fractionate milk fat into fractions with different melting pro-
files. They involve melt crystallization, short-path distillation,
and dense gas extraction (11). These processes yield milk fat
fractions with low-melting TG enriched in short- and
medium-chain FA, medium-melting TG, or high-melting TG
enriched in long-chain FA. A study conducted in our laboratory
(12) showed that a modified milk fat, reduced in cholesterol
and with a high-m.p., induced beneficial reductions in plasma
total TG (−20%), VLDL TG (−27%), and VLDL cholesterol
(−39%) compared with both whole milk fat and nonhydro-
genated margarine in 21 normolipidemic men. We hypothe-
sized that the high solid fat and high viscosity of the melting

*To whom correspondence should be addressed at Department of Food Sci-
ence and Nutrition, Laval University at Ste-Foy, Québec, Canada G1K 7P4.
E-mail: helene.jacques@aln.ulaval.ca
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fied milk fat fraction with medium melting profile; MUFA, monounsaturated
FA; mRNA, messenger ribonucleic acid; P/S, polyunsaturated to saturated
FA ratio; SFA, saturated FA; TRL, triglyceride-rich lipoprotein.

Fasting and Postprandial Lipid Response to 
the Consumption of Modified Milk Fats by Guinea Pigs

Geneviève Asselina, Charles Lavignea,b, Nathalie Bergerona, Paul Angersa, 
Khaled Belkacemia, Joseph Arula, and Hélène Jacquesa,b,*

aDepartment of Food Science and Nutrition and Nutraceuticals and Functional Foods Institute, Laval University, Ste-Foy, Québec, 
G1K 7P4, Canada, and bLipid Research Unit, University Medical Center of Québec City, Ste-Foy, Québec, G1V 4G2, Canada

Copyright © 2004 by AOCS Press 985 Lipids, Vol. 39, no. 10 (2004)

 



TG of this modified milk fat at body temperature might re-
duce fat digestion and absorption.

Thus, the objective of this study was to investigate the fast-
ing and postprandial lipid as well as the fecal fat responses to
the consumption of whole milk fat (MF), three milk fat frac-
tions produced by fractionation with high (HMF), medium
(MMF), or low (LMF) m.p., and a fat blend similar to that of
nonhydrogenated margarine (MA) in guinea pigs. Our hy-
pothesis was that consumption of modified milk fat with a
high m.p. results in a reduced lipid response compared with
that of the two other modified milk fat fractions with low and
medium m.p. Whole milk fat and fat blend similar to that of
nonhydrogenated margarine were considered as reference
fats. With these two reference fats, it was possible to charac-
terize more accurately the specific effects of the modified
milk fats on plasma lipids, as we did in our previous human
study (12).

MATERIALS AND METHODS

Animals. Male Hartley guinea pigs (Charles River, St. Con-
stant, QC, Canada), weighing 299 ± 2 g, were individually
housed in plastic cages in a temperature (21–22°C) and hu-
midity- (40–50%) controlled room and with a daily dephased
12:12-h light/dark cycle (lights on at 20:00 to 08:00). Upon
arrival, all animals were fed a ground nonpurified commer-
cial diet (Purina Guinea Pig chow; St. Louis, MO) for at least
4 d. At the end of this baseline period, the guinea pigs were
randomly assigned to one of the five diet groups. Free access
to the purified diets and tap water was provided for 28 d. Food
intake was recorded daily and body weight was measured
three times a week. The animal facilities met the guidelines
of the Canadian Council on Animal Care and the protocol was
approved by the Laval University Animal Care Committee.

Experimental fats: FA and cholesterol composition. The
FA and cholesterol compositions of the five experimental fats
are shown in Table 1. The modified milk fats were prepared
from the same lot of whole milk fat. The fat blend similar to
that of nonhydrogenated margarine was a blend of 460 g/kg
canola oil (Briska Inc., Montreal, QC, Canada), 460 g/kg sun-
flower oil (Briska Inc.), and 80 g/kg modified palm oil
(CanAmera Foods, Toronto, ON, Canada). This fat blend sim-
ilar to nonhydrogenated margarine contained no cholesterol
whereas the LMF fraction had the highest content, and the
HMF fraction the lowest content in cholesterol among the
milk fat fractions. The dropping points (DP) of each experi-
mental fats were: MA, 29–30°C; MF, 33–34°C; LMF, 13–14°C;
MMF, 22–23°C; HMF, 42–44°C. DP represents the tempera-
ture at which a solid fat turns into a liquid, measured by
warming the solid fat until it forms a drop of liquid. It corre-
sponds to the temperature at which about 90% of the solid fat
is melted, and provides a good indication of the melting be-
havior of solid fats.

Diets. Animals were assigned to one of the five purified
powdered diets varying only in fat source, which consisted of
fat blend similar to that of nonhydrogenated margarine, whole

milk fat, or modified milk fat with a high, medium, or a low
melting profile. The diets were formulated according to the
National Research Council (13) recommendations for guinea
pigs and stored in the dark at 4ºC. Soybean oil (30 g/kg) was
added to the diets to provide essential FA. The protein level
of the diets was adjusted to 30% on the basis of the nitrogen
content of casein determined by a 1612 Kjell-Foss autoana-
lyzer (Foss, Hillerod, Denmark). The composition of each pu-
rified diet is detailed in Table 2. The energy content of the
diets was measured with an automatic adiabatic calorimeter
(Model 1241; Parr Instruments, Moline, IL). The diets were
found isoenergetic: MA, 20.7 kJ/g; MF, 21.1 kJ/g; LMF, 20.4
kJ/g; MMF, 20.4 kJ/g; HMF, 20.9 kJ/g. The lipid content of
the diets was also determined by using a 35001 Goldfish
Lipid Extractor (Labconco, Kansas City, MO): MA, 135 g/kg;
MF, 130 g/kg; LMF, 132 g/kg; MMF, 132 g/kg; HMF, 135
g/kg. The cholesterol content of the diets was: MA, 0.0 g/kg;
MF, 0.2 g/kg; LMF, 0.3 g/kg; MMF, 0.2 g/kg; HMF, 0.1 g/kg.
Differences in cholesterol content of the three modified milk
fat diets are due to fractionation processes to produce each
modified milk fat fraction.

Feces collection. On day 21, guinea pigs were transferred
to metabolic cages for feces collection on a 24-h basis. The
cages were suspended over absorbent paper to facilitate feces
collection. Feces were freeze-dried, weighed, and stored at
–20°C until further analysis. The FA content in feces was de-
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TABLE 1
FA and Cholesterol Composition of the Experimental Fatsa

Modified milk fats

FA MA MF LMF MMF HMF

(g/kg)
4:0 0.0 42.0 60.0 57.0 30.0
6:0 0.0 24.0 31.0 30.0 17.0
8:0 1.0 14.0 17.0 15.0 10.0
10:0 1.0 31.0 36.0 32.0 25.0
12:0 16.0 35.0 39.0 35.0 34.0
13:0 0.0 13.0 2.0 10.0 2.0
14:0 9.0 111.0 112.0 112.0 128.0
14:1 0.0 11.0 14.0 12.0 7.0
15:0 0.0 12.0 17.0 19.0 22.0
16:0 90.0 304.0 252.0 299.0 382.0
16:1 2.0 15.0 21.0 18.0 11.0
17:0 1.0 6.0 7.0 8.0 12.0
18:0 27.0 125.0 74.0 96.0 149.0
18:1 391.0 226.0 274.0 232.0 151.0
18:2 365.0 24.0 30.0 18.0 11.0
18:3 94.0 7.0 13.0 15.0 9.0
20:0 4.0 2.0 1.0 1.0 3.0
ΣSFA 149.0 719.0 647.0 705.0 812.0
ΣMUFA 393.0 252.0 309.0 262.0 169.0
ΣPUFA 459.0 31.0 43.0 33.0 20.0
P/S ratio 3.1 0.04 0.07 0.05 0.02
Cholesterol 0 2.0 3.0 2.0 1.0
aMA, fat blend similar to that of nonhydrogenated soft margarine; MF, whole
milk fat; LMF, modified milk fat with a low melting profile; MMF, modified
milk fat with a medium melting profile; HMF, modified milk fat with a high
melting profile; ΣSFA, ΣMUFA, ΣPUFA, sum of saturated, monounsaturated,
and polyunsaturated FA, respectively; P/S ratio, polyunsaturated to saturated
FA ratio.



termined by one-step methylation using chloroform, accord-
ing to an adapted method of Sukhija and Palmquist (14), fol-
lowed by an analysis by GC. Briefly, the one-step methyla-
tion procedure uses 5 mL of a solvent mixture consisting of
methanol/chloroform/acetyl chloride (20:27:3, by vol) for
500 mg of feces sample. The capped tubes were vortex mixed
for 1 minute at low speed and heated for 2 h in a water bath
at 70°C. After the content of the tubes was cooled to room
temperature, 5 mL of K2CO3 (6%) and 4 mL of chloroform
were added. Tubes were then centrifuged at 1000 × g for 10
min and the lower chloroform layer was removed. Another
washing of the aqueous layer with 4 mL of chloroform com-
pletely removed the methyl esters. The chloroform layer was
pooled and filtered through silica gel and dried under nitrogen.
The dry residue was then resuspended in 1 mL chloroform
and analyzed with a gas chromatograph (Model 5890 Series

II; Hewlett-Packard) connected to a computer with a Hewlett-
Packard ChemStation. Sample volumes (1.0 µL) were in-
jected on a DB-225 capillary column (30 m × 0.25 mm i.d.,
0.2 µm film thickness; J&W, Folsom, CA). The total FA con-
tent was calculated as the sum of individual FA.

Cannulation and blood sampling. At day 25, guinea pigs
were cannulated via the jugular vein under isoflurane anesthe-
sia (Aerrane; Janssen, North York, ON, Canada). Catheters
were externalized from the nape of the neck, and the guinea
pigs were allowed to recover. The experimental procedures
were conducted in unrestrained conscious animals 3 d after
surgery, when their food intake and body weight were nearly
normal postoperatively. On day 28, after a 12-h fast and at the
beginning of the dark period, a test meal, corresponding to 30%
of the energy intake of their previously assigned diet, was given
for 15 min. Blood samples for total cholesterol and TG mea-
surements were obtained before the beginning of the test meal
(–15 min) and at 0.5, 1, 1.5, 2, and 3 h after the meal, a post-
prandial time period known to reflect gastric emptying and in-
testinal absorption (15). Blood samples were collected in tubes
containing EDTA (0.05%) and benzamidine (0.03%) to pre-
vent scission of apoB-100 (16). The plasma was isolated by
low speed centrifugation (700 × g, 10 minutes). Erythrocytes
were suspended in saline and reinjected into the animals to pre-
vent a fall in the hematocrit and to minimize stress. At the com-
pletion of the test meal, guinea pigs returned to their cages for
2 days. After a second 12-h fast, the guinea pigs were sacrificed
by using CO2. The liver, the epididymal white adipose tissues,
and the perirenal adipose tissues were rapidly excised,
weighed, and frozen in liquid nitrogen, and stored at –80°C. 

Lipoprotein separation and hepatic lipid extraction. Fresh
plasma (1.2 mL) from two or three animals was pooled and ul-
tracentrifuged (TL-100 Tabletop Ultracentrifuge; Beckman,
Palo Alto, CA) at 543,000 × g at 15°C for 120 min using the
TLA-100.4 rotor, according to the method described by Sattler
et al. (17) to separate lipoproteins. Plasma samples in the fast-
ing state and at different times in the postprandial state were
pooled to get enough plasma for the fasting and postprandial
plasma lipoprotein measurements. Plasma samples were ad-
justed to a density of 1.24 g/mL by the addition of 381.6 mg of
solid KBr per milliliter of plasma. A density gradient was
formed by layering the density-adjusted plasma underneath
phosphate-buffered saline (d = 1.006 g/mL). Plasma lipopro-
teins were fractionated into TG-rich lipoproteins (TRL) (chy-
lomicrons and VLDL) (d < 1.006 g/mL) and LDL (1.006 < d <
1.063 g/mL). To facilitate the visualization of the single lipopro-
tein bands after ultracentrifugation, Coomassie Brilliant Blue
R-250 (5% w/w; Bio-Rad Laboratories, Hercules, CA) was
added to plasma samples before ultracentrifugation. The TRL
supernatants from fasting and postprandial samples were re-
moved and brought to a final volume of 1 mL with saline. LDL
were also collected, but only in the fasting state. HDL were ob-
tained after precipitation of apoB-containing lipoproteins with
phosphotungstic acid and magnesium ion (HDL Cholesterol pre-
cipitant; Boehringer Mannheim, Laval, QC, Canada) from the
fasting plasma of all animals. Finally, hepatic lipids were ex-
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TABLE 2
Composition of the Experimental Dietsa

Modified milk fats

Ingredients MA MF LMF MMF HMF

(g/kg)
Caseinb,c 336 336 336 336 336
DL-Methionineb 3 3 3 3 3
L-Arginineb 3 3 3 3 3
Sucroseb 200 200 200 200 200
Cornstarchb 108 108 108 108 108
Experimental fatd

MA 110
MF 110
LMF 110
MMF 110
HMF 110

Soya oile 30 30 30 30 30
Celluloseb 130 130 130 130 130
Mineralsb,f 68 68 68 68 68
Vitaminsb,g 10 10 10 10 10
Folic acidb 0.1 0.1 0.1 0.1 0.1
Choline bitartrateb 2 2 2 2 2
aMA, fat blend similar to that of nonhydrogenated soft margarine; MF, whole
milk fat; LMF, modified milk fat with a low melting profile; MMF, modified
milk fat with a medium melting profile; HMF, modified milk fat with a high
melting profile.
bPurchased from ICN Nutritional Biochemicals, Cleveland, Ohio.
cCasein, 89.2% protein.
dMA was a blend of 460 g/kg canola oil (Briska Inc., Montreal, Canada), 460
g/kg sunflower oil (Briska Inc.), and 80 g/kg modified palm oil (CanAmera
Foods, Toronto, ON). The modified milk fats were prepared from the same
lot of whole milk fat. The composition of the experimental fats is in Table 1.
ePurchased from Briska Inc.
fICN Guinea Pig Mineral Mix provides the following (g/kg mix): calcium car-
bonate, 221.32; calcium phosphate dibasic, 301.00; magnesium sulfate•7
H2O, 224.27; potassium chloride, 169.68; sodium chloride, 73.77; ferric
citrate, 5.16; manganese sulfate•H2O, 2.36; zinc carbonate, 1.48; cupric
sulfate•5 H2O, 0.59; chromium potassium sulfate•12 H2O, 0.32; potassium
iodide, 0.03; sodium selenite, 0.02.
gICN Vitamin Mix Fortification provides the following (g/kg mix): vitamin A
acetate (500,000 IU/g), 1.80; vitamin D2 (850,000 IU/g), 0.125; DL-α-tocoph-
erol acetate, 22.00; ascorbic acid, 45.00; inositol, 5.00; choline chloride,
75.00; menadione, 2.25; p-aminobenzoic acid, 5.00; niacin, 4.25; ri-
boflavin, 1.00; pyridoxine hydrochloride, 1.00; thiamine hydrochloride,
1.00; calcium pantothenate, 3.00; biotin, 0.02; folic acid, 0.09; vitamin B12,
0.00135; dextrose, 833.46.



tracted according to the method of Folch et al. (18). Fasting and
postprandial total plasma, lipoprotein, and hepatic TG and cho-
lesterol were measured by using the enzymatic TG and the
CHOD-PAP kits supplied by Roche Diagnostics (Laval, QC,
Canada), respectively.

Statistical analyses. Results were analyzed by the general
linear model program of the SAS statistical package for per-
sonal computers. Data on body weight gain, food intake, epi-
didymal and perirenal fat pads, and fasting plasma and he-
patic lipids were analyzed by using ANOVA. Data obtained
from serial sampling (fasting and postprandial plasma total
and TRL-TG) were analyzed by using ANOVA with repeated
measures, with time as the repeated variable. Postprandial re-
sponses, in mmol/L, were also expressed as area under the
curve (AUC) measurements calculated by the trapezoidal
method (19). ANOVA was then followed by the Tukey test to
identify significant differences between dietary fat groups at
each time point. We also employed analysis of covariance
(ANCOVA) on fasting and postprandial lipid responses as the
dependent variables and body weight gain as the covariate.
There were no changes in statistical significance after adjust-
ment for body weight gain. Pearson correlation coefficients
were calculated to assess the relationship between variables.
Differences between diet groups were considered significant
at P < 0.05. Data were expressed as means ± SEM.

RESULTS

Body weight gain, food intake, and fasting plasma cholesterol
and TG. At the end of the experimental period, body weight

gain (P < 0.05) and food intake (P < 0.0001) were signifi-
cantly lower in the HMF group than in the other groups (Table
3). In the HMF-fed animals, epididymal and perirenal fat
pads, which are variables responding to food intake, were
lower compared with the MA and MMF groups (P < 0.0008).
The food intake of the test meal was similar between the di-
etary groups.

Fasting plasma total, LDL and HDL cholesterol, as well
as total plasma and hepatic TG are also presented in Table 3.
Total plasma cholesterol was higher in the LMF group com-
pared with the other groups (P < 0.0001). The LMF group had
the highest LDL cholesterol values followed by the animals
fed the MF and MMF diets, whereas the MA and HMF
groups showed the lowest values (P < 0.05). No differences
were observed in fasting plasma total TG and HDL choles-
terol concentrations nor in hepatic TG concentrations among
the dietary groups.

Postprandial responses. Expressed as change from fasting
values (∆), time course of plasma total TG responses is shown
in Figure 1A. Visual comparison of the postprandial re-
sponses to various test meals showed that the TG concentra-
tions peaked 1.5–2 h in all dietary groups. In the early post-
prandial period (0–0.5 h after the test meals), plasma TG
changes were not different among the dietary groups. One
hour after the test meal, the increments of plasma TG were
significantly (P < 0.05) lower in animals fed various milk fat
fractions than in the MA-fed animals. Guinea pigs fed the
HMF, MMF, and MF diets showed significantly (P < 0.05)
lower plasma total TG increases than guinea pigs fed the MA
diet 1–2 h after the meal. Moreover, guinea pigs fed the HMF
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TABLE 3
Body Weight Gain, Food Intake, Epididymal and Perirenal Fat Pads, and Fasting Plasma and Hepatic Lipidsa

Modified milk fats

MA MF LMF MMF HMF

Body weight gain (g) 83 ± 7A 82 ± 6A 76 ± 6A 74 ± 5A 42 ± 7B

(19) (20) (19) (20) (21)
Food intake (g/d) 17.1 ± 0.4A 17.6 ± 0.3A 17.7 ± 0.4A 17.3 ± 0.5A 14.4 ± 0.5B

(19) (20) (19) (20) (21)
Food intake (test meal) (g) 2.3 ± 0.1 2.7 ± 0.2 2.4 ± 0.2 2.2 ± 0.1 2.4 ± 0.2

(19) (20) (19) (20) (21)
Epididymal and perirenal fat pads (g) 2.0 ± 0.3A 1.6 ± 0.2AB 1.6 ± 0.2AB 1.8 ± 0.3A 1.0 ± 0.2B

(19) (20) (19) (20) (21)
Fasting plasma lipids (mmol/L)
Total cholesterol 3.0 ± 0.2B 3.2 ± 0.2B 4.7 ± 0.3A 3.6 ± 0.2B 2.7 ± 0.3B

(19) (20) (19) (20) (21)
LDL-cholesterolb 2.2 ± 0.1C 2.9 ± 0.2B 4.2 ± 0.5A 3.1 ± 0.2B 2.1 ± 0.2C

(7) (8) (9) (9) (11)
HDL-cholesterolc 0.13 ± 0.02 0.13 ± 0.02 0.21 ± 0.03 0.17 ± 0.02 0.13 ± 0.02

(13) (12) (13) (12) (17)
Total TG 0.82 ± 0.1 0.75 ± 0.1 0.88 ± 0.2 0.89 ± 0.1 0.83 ± 0.1

(19) (20) (19) (20) (21)
Hepatic TG (µmol/g) 24 ± 5 20 ± 3 27 ± 3 21 ± 3 19 ± 4

(13) (12) (13) (12) (17)
aValues are means ± SEM of the number of observations given in parentheses. Values in the same row with a different su-
perscript are significantly different; MA, fat blend similar to that of nonhydrogenated soft margarine; MF, whole milk fat;
LMF, modified milk fat with a low melting profile; MMF, modified milk fat with a medium melting profile; HMF, modified
milk fat with a high melting profile.
bLDL-cholesterol was measured from pools of two or three guinea pigs.
cHDL-cholesterol was measured from remaining plasma of individual guinea pigs.



diet induced lower plasma total TG increase than those fed
the LMF diet 1.5 h after the meal (P < 0.05). The areas under
the 0- to 3-h curves for the changes in plasma TG were lower
in the HMF-fed animals than in the MA- and LMF-fed ani-
mals (P < 0.05).

After guinea pigs had consumed the experimental diets for
28 days, fasting plasma TRL-TG were not significantly dif-
ferent among groups (data not shown). Postprandially, the
change in TG of TRL is illustrated in Figure 1B. No differ-
ence was observed among the five dietary groups; a high vari-
ability in pooled TG responses as well as the low number of
available guinea pig pools (n = 7–11) could have reduced the
possibility to detect significant differences between the five
diets. The areas under the 0- to 3-h curves for the changes in
plasma TRL-TG were not significantly different between

diets. However, there were significant positive correlations
between the areas under the 0- to 3-h curves for the changes
in plasma TG and plasma TRL-TG (r = 0.94; n = 24; P =
0.0001) suggesting that the postprandial response of TRL-TG
was coupled to that of plasma total TG.

FA content of feces. The effects of experimental fat sources
on total fecal FA content of guinea pigs are shown in Figure
2A. There were significant differences (P < 0.0001) in total
fecal FA content: the HMF-fed guinea pigs showed the high-
est total fecal FA content; the MMF- and MF-fed guinea pigs,
intermediary values; and the LMF- and MA-fed guinea pigs,
the lowest values.

The saturated (14:0, 16:0, and 18:0) and unsaturated (18:1
and 18:2, n-6) FA content of fecal fat is presented in Figure
2B and Figure 2C, respectively. Significant (P < 0.01) differ-
ences were observed in the FA content of fecal fat. The HMF-
fed animals showed the highest levels of myristic, palmitic,
and stearic acids; the MA- and LMF-fed animals, the lowest
levels; and the MF- and MMF-fed animals exhibited interme-
diate levels of these SFA (Fig. 2B). The fecal oleic acid con-
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FIG. 1. TG changes in plasma of guinea pigs (n = 19–21 animals per
group) (A) and TG-rich lipoprotein (TRL) (n = 7–11 animals per group)
(B) concentrations after the ingestion of a meal containing 110 g/kg fat
blend similar to that of nonhydrogenated soft margarine (MA), whole
milk fat (MF), or one of the three modified milk fats with a low (LMF),
medium (MMF), or high (HMF) melting profile during the 3-h postpran-
dial period. Values are means ± SEM. At a given time, significant differ-
ences among the groups are represented by different superscripts, P <
0.05. Areas under the curves for the changes in the plasma triglycerides
and TRL-TG (AUC) were calculated from 0 to 3 h after the ingestion of
the meal; significant differences among the groups are represented by
different superscripts, P < 0.05.

FIG. 2. Total (A), saturated (B), and unsaturated (C) FA distribution in
feces collected from guinea pigs fed one of the five experimental diets:
fat blend similar to that of nonhydrogenated soft margarine (MA), whole
milk fat (MF), or one of the three modified milk fats with a low (LMF),
medium (MMF), or high (HMF) melting profile. Values are means ±
SEM, n = 15–19 animals per group. Bars with different superscripts
within the same FA are significantly different; P < 0.0001 for total fecal
FA and P < 0.01 for fecal saturated and unsaturated FA.
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tent was higher in the HMF-animals than in the MA- and MF-
fed animals, whereas the linoleic acid content of feces was
higher in the MA-fed guinea pigs than in the other dietary
groups (Fig. 2C). No differences were noted in the α-linolenic
acid (18:3, n-3) content of feces among the five experimental
groups (data not shown).

DISCUSSION

We have shown previously that a modified milk fat with a
high m.p. reduced plasma TG in normolipidemic men (12).
In this study, we observed that the melting profile of milk fat
fractions can affect plasma fasting cholesterol and postpran-
dial TG in guinea pigs. In particular, the modified milk fat
with a high melting profile lowered fasting LDL cholesterol
and the postprandial increase in plasma TG, suggesting an al-
tered absorption of this modified milk fat fraction. The guinea
pig was chosen for this study because this animal shows sim-
ilar characteristics with humans with respect to cholesterol
and lipoprotein metabolism. Like humans, guinea pigs have a
negligible (<1%) apoB-48 mRNA editing in the liver (20),
carry the majority of their cholesterol in LDL, and respond to
dietary interventions by modifying their plasma LDL choles-
terol response (21).

The consumption of the five experimental fats modified
the fasting plasma cholesterol response differently. In agree-
ment with previous observations in humans (1,3), the con-
sumption of MF with a low PUFA to SFA ratio (P/S = 0.04)
in the present study induced higher plasma LDL cholesterol
levels compared with the consumption of MA with a high P/S
ratio (P/S = 3.1). These results are in good agreement with
numerous reports that dietary SFA increase plasma choles-
terol levels compared with PUFA in guinea pigs (22,23).
LMF (P/S = 0.07) and MMF (P/S = 0.05) also brought on
higher plasma LDL cholesterol concentrations than MA for
the same reason. Interestingly, in our study where diets pro-
vided 140 g fat/kg, LMF induced the highest plasma total and
LDL cholesterol levels. There is a possibility that the higher
cholesterol content of the LMF diet (0.3 g/kg), compared with
the HMF diet (0.1 g/kg), may be partly responsible for the ob-
served higher plasma cholesterol concentration with LMF.
This explanation, however, is not supported by the results of
Lin et al. (24,25) who, for diets providing 150 g of fat/kg, ob-
served no effect of 0.8 g of cholesterol/kg on plasma total and
LDL cholesterol levels compared to basal intakes (0 g of cho-
lesterol/kg) in guinea pigs. As reported by the same authors
(24,25), guinea pigs maintain stable plasma cholesterol levels
until cholesterol intake (1.7 g of cholesterol/kg) equals or ex-
ceeds the mass of endogenous cholesterol synthesis. Never-
theless, it will be helpful in further studies to normalize the
dietary cholesterol content of each diet to verify whether the
variation in LDL cholesterol concentrations induced by the
consumption of the various modified milk fat fractions would
be attributed, at least in part, to the difference in cholesterol
content of these fats. A factor other than the cholesterol con-
tent of modified milk fats should also be considered in their

effect on plasma cholesterol. Among the three modified milk
fat fractions, plasma LDL cholesterol concentrations were
lowest in the HMF group, despite that this fraction had the
lowest P/S ratio (P/S = 0.02). The cholesterol-reducing effect
of HMF could be due, at least in part, to the lower body
weight gain observed in the HMF-fed animals. It is indeed
well established that a reduction in body weight gain gener-
ally induces a reduction in plasma cholesterol concentrations
(26). In this respect, we used weight gain as covariate and we
observed no changes in statistical significance after adjust-
ment for body weight gain. Thus, the present results suggest
that the consumption of the five experimental fats altered the
fasting plasma cholesterol response not only by variation in
body weight gain but also by factors inherent to each testing
fat. Interestingly, the 17% lower food intake observed in the
HMF group was in part responsible for their 45% lower
weight gain, suggesting that other factors, such as intestinal
fat absorption, may also be involved.

The early increase in plasma TG after the consumption of
a fat-rich meal is thought to primarily reflect gastric empty-
ing and intestinal fat absorption (15). In the present study,
HMF, MF, and MMF diets induced significantly lower plasma
TG changes 1–2 h after a test meal, suggesting a decreased
absorption of these fats compared with the MA diet. In addi-
tion, the 0- to 3-h area under the curves for the changes in
plasma TG was 90, 64, and 34% lower after HMF, MF, and
MMF test meals, respectively, compared with that after the
MA test meal. These results are in good agreement with those
of Mekki et al. (27) who observed that butter significantly
lowered the postprandial increase in serum TG (–38% AUC
for the 0–7 h) compared with olive and sunflower oils in
healthy young men consuming a meal containing 40 g of fat.
These findings are also consistent with those of Bergeron and
Havel (28) who reported in normolipidemic young men a
smaller increase in TRL-TG and TRL-apoB-48 3 h after a
SFA-rich test diet and meal (P/S = 0.2) than after an n-6
PUFA test diet and meal (P/S = 1.3). Furthermore, Tholstrup
et al. (29) observed a relatively lower lipemia after test meals
high in stearic and palmitic acids and the lipemic response
took longer to return to fasting values than did intake of un-
saturated FA in 16 healthy young men. These results sug-
gested that PUFA, which have a lower melting profile and a
greater affinity for the FA-binding protein in the intestine
(30), are absorbed more rapidly than SFA. Conversely, highly
saturated TG have been shown to decrease fat absorption
rates (31). Another issue is that, compared to MA, whole milk
fat and modified milk fat fractions also contained greater
amount of short- and medium-chain FA. It is well recognized
that these FA are efficiently hydrolyzed by the preduodenal
lipases, absorbed by the gastric mucosa through the portal
vein and therefore are not incorporated into lymph TG (31).
Thus, it is not surprising that the postprandial TG responses
are lower with the whole and modified milk fat diets com-
pared with the MA diet. Consequently, factors inherent to MF,
MMF, and HMF such as their high levels of SFA, including
short- and medium-chain FA, and their low levels of unsatu-
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rated FA, may have contributed to the decreased postprandial
TG levels following consumption of these milk fat fractions.

Melting behavior is a physical characteristic that may in-
fluence the digestion and absorption of dietary fats. As re-
ported by Small (32), fats containing a higher solid fat con-
tent at body temperature, such as HMF (DP = 42–44°C),
could reduce the rate of enzymatic TG hydrolysis and cause
higher viscosity of the fat emulsion compared with fats con-
taining TG liquid at body temperature, such as LMF (DP =
13–14°C). To evaluate whether the postprandial lipid re-
sponses to the consumption of modified milk fats with vari-
able melting profiles may result from changes in intestinal fat
absorption, we estimated intestinal fat absorption by measur-
ing FA content in feces (Fig. 2). Total FA content was the
highest with the animals fed the HMF diet, intermediary with
those fed MMF and MF diets, and the lowest in the LMF and
MA diets. These data, together with the blunted postprandial
plasma TG response 0- to 3-h after the HMF rich meal, sup-
port the hypothesis that a decreased intestinal fat absorption
is associated with the HMF diet. This hypothesis was also
supported by the negative correlation between the area under
the 0- to 3-h curves for the changes in plasma TG and the total
FA content in feces (r = –0.57; n = 26; P = 0.002) as well as
between the area under the 0–3-h curves for the changes in
plasma TRL-TG and the total FA content in feces (r = –0.49;
n = 25; P = 0.01). Moreover these results suggest strongly that
the MA diet can increase fat absorption compared with the
whole milk fat diet. It is also relevant to point out that these
potential differences in intestinal fat absorption may account
for the variations in cholesterolemia. Interestingly, we also ob-
served negative correlations between plasma total (r = –0.54;
n = 66; P = 0.0001) and LDL cholesterol (r = –0.59; n = 35;
P = 0.0002) concentrations and the saturated fecal FA content
in guinea pigs fed whole milk fat and the various modified milk
fat fractions. Two key points should be highlighted regarding
the relationship between fecal fat content and cholesterolemia.
First, the HMF diet induced higher fecal FA content, indicating
lower fat and energy absorption and leading to lower body
weight gain, LDL cholesterol concentrations, and postprandial
TG response 1.5 h following the consumption of the test meal.
The reduction of body weight in guinea pigs can be explained
by an intestinal discomfort following the HMF diet consump-
tion, and thus, leading to a lower food intake. Second, although
the LMF and MA diets resulted in approximately the same
low total fecal FA content, LMF (P/S = 0.07) induced higher
plasma total and LDL cholesterol levels than MA (P/S = 3.1);
and this is presumably due to its low P/S ratio.

In conclusion, the present results indicate that the melting
profile of modified milk fat fractions can impact food intake,
body weight, and fasting and postprandial lipid response in
guinea pigs. The lowering effects of high-melting modified
milk fat on food intake, body weight gain, cholesterolemia in
the fasting state, and TG response in the early postprandial
period may be attributed to a lower intestinal FA absorption,
as shown by an increased fat content in feces. The beneficial
effects of HMF on lipid profile can be worthwhile in reduc-

ing the incidence of lipid abnormalities and cardiovascular
diseases.
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ABSTRACT: Toxic organochlorines that are present in food
are lipophilic and carried by chylomicrons. We have studied
the clearance of an organochlorine, hexachlorobenzene, from
chylomicrons. Chylomicrons were obtained from mesenteric
lymph of rats that were intraduodenally given 14C-hexa-
chlorobenzene and 3H-triolein. The labeled chylomicrons were
injected intravenously into recipient rats, and the clearance of
isotopes was followed. Surprisingly, the hexachlorobenzene
disappeared from the plasma more rapidly than the triolein. This
unexpected result raises questions about the manner in which
hexachlorobenzene is delivered to tissues. The tissue distribu-
tion of the hexachlorobenzene is consistent with its rapid up-
take. 

Paper no. L9614 in Lipids 39, 993–995 (October 2004).

Organochlorines are ubiquitous in nature and are found in
human tissues throughout the world. For several decades they
have been recognized as significant issues in ecology and
health. The principal route of entry for these lipophilic com-
pounds into humans is in foods. They are associated with fat
and its digestion products during absorption from the intes-
tine and subsequently in chylomicrons in lymph. Much atten-
tion has focused on the toxicity and metabolism of these com-
pounds, but their initial absorption and distribution to tissues
remain poorly understood.

Hexachlorobenzene (HCB) is sparingly metabolized, with
98% of the body burden in rodents remaining as the parent
compound (1). We have investigated the clearance and tissue
deposition of HCB introduced intravenously in chylomicrons
(prior to their metabolism by the liver). 

MATERIALS AND METHODS

Materials. 14C-HCB (uniformly labeled; 2.8 µg/µCi) was pur-
chased from Sigma-Aldrich (St. Louis, MO). [9,10 3H]Triolein
(0.017 µg/µCi ) was purchased from PerkinElmer Life Sci-
ences (Boston, MA). 

Animals. (i). Collection of labeled chylomicrons. The pro-
tocol was approved by the University of Cincinnati Animal
Care and Use Committee. Male Sprague-Dawley rats fitted
with mesenteric lymph cannula were gastrically intubated
with 10 µCi of 14C-HCB and 50 µCi of 3H-triolein in 1 mL

olive oil, and lymph was collected. Glutathione and genta-
micin were added to the lymph at final concentrations of 0.5
and 0.1 mg/mL, to prevent oxidation and bacterial degrada-
tion, respectively. KBr was added to the lymph to bring it to a
density of 1.1, and chylomicrons were floated to the top of the
1.006 layer of a NaCl density gradient after centrifugation
(150,000 × g, SW41 rotor) for 45 min at room temperature.
The chylomicrons were used for injection as described below
after standing overnight.

(ii) Chylomicron metabolism studies. Chylomicrons sus-
pended in saline were injected via the jugular vein into six
nonfasted recipient animals (male Sprague-Dawley rats,
384–426 g). Each animal received 0.1 µCi of 14C-HCB and
2.0 µCi of 3H-triolein (40 mg of TAG). Blood (300 µL) was
sampled from the carotid vein at 3, 5, 8, 12, 20, and 30 min
and the plasma was analyzed for 14C and 3H. Animals were
sacrificed after the final blood sample, and tissue samples
were analyzed for 14C and 3H after oxidation with the Harvey
Instruments OX-700 oxidizer (R.J. Harvey Instrument Corp.,
Hillsdale, NJ.) 

Analyses. Blood clearance data were analyzed with the nu-
merical analysis program of the SAAMIITM software (SAAM
Institute, Inc., University of Washington, Seattle, WA). Biex-
ponential curves were calculated for each rat that received chy-
lomicrons, and statistical comparisons were made based on the
six curves. Fractional clearance was calculated from the 3- to
12-min monoexponential fit of the data (3). Initial clearance
was calculated from the 3-min measurements. Means were
compared by two-tailed t-test and/or Mann–Whitney Rank
Sum test (SigmaStat 2.03; SPSS, Inc., Chicago, IL) with sig-
nificance attained at P < 0.05. 

RESULTS

HCB clearance from chylomicrons and tissue concentrations.
The clearance of the 3H and 14C in the recipient animals is
shown in Figure 1. There was rapid clearance of each isotope
from the plasma. The clearance of HCB during the first 3 min
(23.5 ± 0.7%/min; mean ± SEM) was faster than triolein (10.1
± 1.8%/min) (P < 0.001). During the 3–12 min time period,
the mean fractional clearance rates of the two compounds
were not different. The fractional clearance rate for triolein
was 0.149 ± 0.023 min−1 (mean ± SEM), and that for HCB
was 0.145 ± 0.022 min−1 during the 3–12-min period. The 3H
and 14C in tissues (percentage of dose in total organ, or per-
centage of dose/g concentration, when noted) is given in
Table 1. 
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DISCUSSION

HCB is highly lipophilic, with a log10 of its octanol/water par-
tition coefficient equal to 5.7 (4) and of its aqueous solubility
(mol/L) equal to −6.78 (5). Given this affinity for an oil
phase, it is unlikely that HCB partitioned from the chylomi-
crons into the saline solution prior to injection. As would be
expected from its lipophilicity, HCB is stored predominantly
in adipose tissue (1). There is no evidence of its metabolism
in the enterocyte or during the absorption process (1). 

We found that the HCB that is absorbed in chylomicrons
is distributed rapidly to tissues. The initial clearance was
more rapid than that of triolein, and after 3 min, the fractional
clearance was similar for the two compounds. The transport
into adipose tissue of HCB was more rapid than that of tri-
olein, consistent with rapid distribution to peripheral tissues
implied by the rate of disappearance from blood.

This behavior differs from that of the large hydrophobic
molecules, retinyl palmitate and squalene. These compounds
have been used as markers for the chylomicron lipid core and
are cleared from the blood at a markedly slower rate than
TAG (3). They provide a means for following the disappear-
ance of chylomicron remnants by hepatic uptake. 

It is of interest that dichlorodiphenyl-trichloroethane
(DDT), a relatively large and lipophilic molecule, was also
observed to disappear from chylomicrons in blood more
rapidly than TAG (2). HCB and DDT are both very lipophilic
molecules that would be expected to be carried in the core of
the chylomicrons. Nevertheless, they are rapidly removed
from chylomicrons.

It is possible that rapid exchange between chylomicrons
and other carriers such as albumin occurs in the circulation.
Rapid exchange of other halogenated hydrocarbons among
human lipoproteins was found by Maliwal and Guthrie (6). It

is also possible that rapid diffusion of HCB allows it to be de-
livered to peripheral tissues during hydrolysis of TAG. This
latter explanation may not completely account for the rapid
clearance of DDT. Vost and Maclean (2) found that HDL has
a strong affinity for DDT and that transfer from chylomicrons
was correlated with TAG hydrolysis.

Our study utilized a trace mass of hexachlorobenzene
HCB in the gavage preparation. This level was used to label
the chylomicrons to mimic the absorption of trace levels of
lipophilic toxins typical of that in foods. Human consumption
of HCB has been estimated to be 0.2 µg/d (7). The amount of
TAG (40 mg) injected as chylomicrons in this study approxi-
mates the mass that can be attained after a fatty meal. Al-
though higher than average human consumption, the injected
mass of HCB (0.3 µg) is readily soluble in the TAG phase.
Nevertheless, it is possible that the rate of clearance could de-
pend on the ratio of HCB to TAG.

We have observed that HCB absorbed via chylomicrons is
rapidly cleared from chylomicrons and distributed into tis-
sues. This observation and the tissue measurements are con-
sistent with the uptake of newly absorbed HCB by peripheral
tissues prior to uptake by the liver. Recently absorbed
organochlorines may therefore be deposited in tissues with-
out alteration by metabolism in the liver.

There is evidence for detrimental effects of organochlo-
rine compounds in many systems including reproduction, de-
velopment, and testicular cancer (8). They are also implicated
in effects on energy metabolism that may contribute to obe-
sity (9). The entry of organochlorines into tissues can be im-
portant in these processes, and our data contribute to under-
standing the initial absorption steps. 
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TABLE 1
14C and 3H in Tissuesa of Recipient Animals 30 min After Intravenous
Injection of Chylomicrons Containing 14C-Hexachlorobenzene (HCB)
and 3H-Triolein

14C (HCB) 3H (Triolein) HCB/Triolein (%)

Tissue (% of dose/tissue)

Liver 7.5 ± 0.55b 15.7 ± 1.6 49 ± 3
Epididymal fat pad 1.08 ± 0.21 0.58 ± 0.19 263 ± 55
Heart 0.43 ± 0.03b 1.0 ± 0.12 43 ± 3
Spleen 0.22 ± 0.04b 1.1 ± 0.22 20 ± 2
Brain 0.54 ± 0.04b 0.31 ± 1.07 191 ± 19

Tissue (% of dose/g)
Abdominal fat 0.60 ± 0.09 0.36 ± 0.03 187 ± 46
Muscle 0.16 ± 0.02 0.21 ± 0.02 79 ± 10

an-6; mean ± SEM.
bHCB and triolein are different (P < 0.05).

FIG. 1. Clearance from plasma of 3H-triolein and 14C-hexachloroben-
zene in chylomicrons injected intravenously into rats. The curves are
from the means from six animals. The values at individual time points
are significantly different with the exception of that at 20 min.

 



REFERENCES
1. Koss, G., and Koransky, W. (1975) Studies on the Toxicology of

Hexachlorobenzene I. Pharmacokinetics, Arch. Toxicol. 34, 203–212.
2. Vost, A., and Maclean, N. (1984) Hydrocarbon Transport in Chy-

lomicrons and High-Density Lipoproteins in Rat, Lipids 19,
423–435.

3. Phan, C.T., Mortimer, B., Martins, I.J., and Redgrave, T.G.
(1999) Plasma Clearance of Chylomicrons from Butterfat Is Not
Dependent on Saturation: Studies with Butterfat Fractions and
Other Fats Containing Triacylglycerols with Low or High Melt-
ing Points, Am. J. Clin. Nutr. 69, 1151–1161.

4. Fisk, A.T., Rosenberg, G., Cymbalisty, C.D., Stern, G.A., and
Muir, D.C.G. (1999) Octanol/Water Partition Coefficients of
Toxaphene Congeners Determined by the “Slow-Stirring”
Method, Chemosphere 39, 2549–2562.

5. Huibers, P.D.T., and Katritzky, A.R. (1998) Correlation of the

Aqueous Solubility of Hydrocarbons with Molecular Structure,
J. Chem. Inf. Comput. Sci. 38, 283–292.

6. Maliwal, B.P., and Guthrie, F.E. (1982) In vitro Uptake and
Transfer of Chlorinated Hydrocarbons Among Human Lipopro-
teins, J. Lipid Res. 23, 474–479. 

7. Burton, M.A., and Bennett, B.G. (1987) Exposure of Man to En-
vironmental Hexachlorobenzene (HCB)—An Exposure Commit-
ment Assessment, Sci. Total Environ. 66, 137–146.

8. Toft, G., Hagmar, L., Giwercman, A., and Bonde, J.P. (2004)
Epidemiological Evidence on Reproductive Effects of Persistent
Organochlorines in Humans, Reprod. Toxicol. 19, 5–26.

9. Pelletier, C., Imbeault, P., and Tremblay, A. (2003)  Energy Bal-
ance and Pollution by Organochlorines and Polychlorinated
Biphenyls, Obes. Rev. 4, 17–24.

[Received September 17, 2004; accepted November 19, 2004]

HEXACHLOROBENZENE IN CHYLOMICRONS 995

Lipids, Vol. 39, no. 10 (2004)

 



ABSTRACT: The lipid and FA composition of the total lipids of
the pearl oyster Pinctada fucata martensii, in different seasons and
in different areas, were analyzed to clarify its lipid physiology and
to estimate the possible influence of its prey phytoplankton. TAG
and sterols were the major components in the neutral lipids in all
conditions, whereas high levels of phospholipids (PE and PC)
were found in the polar lipids. The major FA in the TAG in all
samples were 14:0, 16:0, and 18:0 as saturated FA (saturates);
16:1n-7, 18:1n-9, and 18:1n-7 as monoenoic FA (monoenes);
and 20:4n-6 (arachidonic acid: AA), 20:5n-3 (EPA), and 22:6n-3
(DHA) as PUFA. The major components found in the polar lipids
were 16:0 and 18:0 as saturates; 22:2n-9,15 and 22:2n-7,15 as
non-methylene-interrupted dienes (NMID), and AA, 22:3n-
6,9,15, EPA, and DHA as PUFA. Although it is a marine animal,
characteristically high levels of AA were found in both the TAG
and phospholipids. This result suggests that lipids of P. fucata may
be influenced by those of its phytoplanktonic prey. The increase
in levels of NMID from TAG to PE with a decrease in those of
monoenes suggests that the tissues of this species are able to
biosynthesize only the less unsaturated PUFA, such as NMID. In
particular, NMID derivatives are considered to be biosynthesized
in the PE; thus, they might play a particular role in the membrane,
because NMID were characteristically localized only in the PE.

Paper no. L9451 in Lipids 39, 997–1005 (October 2004).

The chemical components of pelagic seawater fishes, the FA of
fish in particular, have been reported on in detail, with growing
recognition of the beneficial uses of dietary fish oils. As for FA
determinations of bivalve species, only oyster (Ostreidae), scal-
lop (Pectinidae), and mussel (Mytilidae) lipids have been in-
vestigated in detail (for oysters: Refs. 1–3; for scallops: Refs. 4
and 5; for mussels: Refs. 6 and 7). Although the biological and
ecological influences on their chemical components are gradu-
ally being determined, little information is available as yet on
the biochemical constituents of other bivalve species, espe-
cially the lipid and FA compositions of bivalves. The pearl oys-
ter, Pinctada fucata martensii, is aquacultured in the sea off the
coast of Japan and is an important marine resource for pearls in

Japan. Although the production of pearls is a key industry in
Japan, the other portions of the animals, the soft parts in partic-
ular, are mostly thrown away as offal after taking pearls from
the shell of the bivalve. Only a few people in a very limited lo-
cale in Japan eat the adductor muscle of this bivalve.

On the other hand, recent animal studies have indicated that
dietary supplements of n-3 PUFA, such as DHA (22:6n-3), may
have beneficial effects on cardiovascular diseases, certain
forms of cancer, and aging. Studies of lipids in marine organ-
isms suggest that fish and shellfish can be unique sources of n-3
PUFA such as EPA (20:5n-3) and DHA, which are otherwise
not provided in terrestrial oils (8,9). 

To clarify the physiology of P. fucata and to examine its soft
parts as a potential source of n-3 PUFA, the lipid and FA com-
positions of the total lipids collected in different seasons and in
different areas were analyzed. In addition, the relationship
between the lipids of this species and those of its prey are dis-
cussed (9,10). 

MATERIALS AND METHODS

Materials. The samples of P. fucata are described in Table 1.
Samples 1 and 4 were taken from specimens collected during
the spawning season (June and July; seawater temperature, 20
and 23°C), and samples 2 and 3 were from specimens collected
during the growing season (November and March; seawater
temperature, 11 and 16°C). A total of 41 live specimens of P.
fucata were obtained from the three different localities and at
four different times: Uwajima Bay in the Pacific Ocean (sam-
ple 1: latitude 33°19′ N and longitude 132°30′ E in July 1998),
the Ago Bay in the Pacific Ocean (samples 2 and 3: latitude
34°22′ N and longitude 136°40′ E in November 1998 and March
1999), and the seashore of Tsushima Island in the Japan Sea
(replicate sample 4: latitude 34°22′N and longitude 129°12′E
in June 2000). Samples 1 and 4 were from cultivated specimens
collected about 1 yr after hatching, and  samples 2 and 3 were
from cultivated specimens about 1.5 yr after hatching. All the
samples were cultivated in the wild and were not provided with
artificial food. 

Lipid extraction and the analysis of lipid classes. The total
soft parts of live samples were immediately immersed in a mix-
ture of chloroform and methanol (2:1, vol/vol) after rinsing
them briefly in distilled water and were kept frozen at
−40°C under an argon atmosphere for 2 d prior to lipid extrac-
tion. Each sample was homogenized in a mixture of chloroform
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and methanol (2:1, vol/vol), and a portion of each homogenized
sample was extracted according to the procedure of Folch et al.
(11). The crude total lipids (TL) were separated into classes on
silicic acid columns (Kieselgel 60, 70–230 mesh; Merck and
Co. Ltd., Darmstadt, Germany), and a quantitative analysis of
the lipid constituents was performed using gravimetric analysis
of fractions collected by column chromatography. The first elu-
ate (dichloromethane/n-hexane, 2:3, vol/vol) was collected as
the steryl ester (SE), wax ester (WE), and diacylglyceryl ether
(GE) fraction. This was followed by dichloromethane eluting
the TAG; dichloromethane/ether (35:1, vol/vol) eluting the
sterols (ST); dichloromethane/ether (9:1, vol/vol) eluting the
DAG; dichloromethane/methanol (9:1, vol/vol) eluting the
FFA; dichloromethane/methanol (1:5, vol/vol) eluting the PE;
dichloromethane/methanol (1:20, vol/vol) eluting the ceramide
aminoethyl phosphonate (CAEP) with other minor phospho-
lipids (PL); and dichloromethane/methanol (1:50, vol/vol) elut-
ing the PC (12). 

Individual lipids from each lipid class, such as PL classes,
were identified qualitatively by comparison of the Rf values
with standards using TLC (Kieselgel 60, thickness of 0.25 mm
for analysis; Merck & Co. Ltd.) and by identifying characteris-
tic peaks using NMR. All sample lipids were dried under argon
at room temperature and stored at −40°C. 

NMR spectrometry and the determination of lipid classes.
Spectra were recorded on a GSX-270 NMR spectrometer
(JEOL Co. Ltd., Tokyo, Japan) in the pulsed Fourier transform
mode at 270 MHz in a deuterochloroform solution using
tetramethylsilane as an internal standard (13). 

Some fractions often contained several classes; for instance,
the first fraction contained WE, SE, and GE. The molar ratios
of WE, GE, and SE were determined by quantitative analysis
of NMR results. In NMR, the amount of WE was obtained by
the total amount of the combined integrations of the triplet
peaks (from 3.90 to 4.20 ppm) as the two protons at the ester
alcohol, the amount  of GE was obtained by that of the singlet
peak (3.50–3.80 ppm) as the two ether protons linked with
glycerol carbons, and the amount of SE was obtained by that
of the multiplet peak (4.30–4.80 ppm) as one proton at the car-
bon-linked esterized C-3 alcohol of the sterol. The actual ratio
of the WE, SE, and GE in the first fraction was determined as
the respective integration divided by the sum of total integra-
tions of the three combined peaks from 3.50 to 4.80 ppm. The
actual weight of each class was obtained by calculating the
ratio and multiplying by the total weight of the first fraction.

Similarly, the third fraction sometimes contained TAG and ST,
and had two characteristic peaks: for TAG (3.90–4.40 ppm) an
octet-like peak for four protons, and for ST (3.40–3.60 ppm) a
multiplet peak for one proton. The actual weights of TAG and
ST in the third fraction were obtained by calculating the inte-
gration of each divided peak and multiplying by the total
weight of the third fraction.

Preparation of methyl esters and GLC of the esters. Individ-
ual components of the TAG, PE, and PC fractions were con-
verted to FAME by direct transesterification with boiling
methanol containing 1% of concentrated hydrochloric acid
under reflux for 1.5 h as previously reported. These methyl es-
ters were purified by using silica gel column chromatography
and eluting with dichloromethane/n-hexane (2:1, vol/vol).

The composition of the FAME was determined by GLC.
Analysis was performed on a Shimadzu GC-8A (Shimadzu
Seisakusho Co. Ltd., Kyoto, Japan) and an HP-5890 (Hewlett-
Packard Co., Yokogawa Electric Corporation, Tokyo, Japan)
gas chromatograph equipped with an Omegawax-250 fused-
silica capillary column (30 m × 0.25 mm i.d.; 0.25 µm film;
Supelco Japan Co. Ltd., Tokyo, Japan). The injector and col-
umn temperatures were held at 230 and 215°C, respectively,
and the split ratio was 1:76. Helium was used as the carrier gas
at a constant inlet rate of 0.7 mL/min. 

Quantification of individual components was performed by
means of a Shimadzu Model C-R3A (Shimadzu Seisakusho
Co. Ltd.) and an HP ChemStation System (A, 06 revision,
Yokogawa HP Co. Ltd., Tokyo, Japan) electronic integrator. 

Preparation of 4,4-dimethyloxazoline derivatives (DMOX)
and analysis of DMOX by GC–MS. The DMOX derivatives
were prepared by adding an excess amount of 2-amino-2-
methyl propanol to a small amount of the FAME in a test tube
under an argon atmosphere. The mixture was heated at 180°C
for 48 h. The reaction mixture was cooled and poured onto sat-
urated brine and extracted three times with n-hexane. The ex-
tract was then washed with saturated brine and dried over an-
hydrous sodium sulfate. The solvent was removed under re-
duced pressure, and the samples were again dissolved in
n-hexane for analysis by GC–MS (13). 

Analysis of the DMOX derivatives was performed on an HP
G1800C GCD Series II (Hewlett-Packard Co.) gas chromato-
graph–mass spectrometer equipped with the same capillary col-
umn for determining the respective FA with HP WS software
(HP Kayak XA, G1701BA version, PC workstations; Hewlett-
Packard Co.). The temperatures of the injector and the column
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TABLE 1
Cultivation Locality and Biological Data of the Akoya Pearl Oyster Pinctada fucata martensii a

Temperature Replicate animals Length Width Weight
Sample no. Date Locality (°C) (n) (cm) (cm) (g)

1 July 8, 1998 Uwajima Bay Pacific Ocean 33°19' N 132°30' E 23 10 5.7 ± 0.2 5.8 ± 0.1 18.6 ± 0.7
2 November 21, 1998 Ago Bay Pacific Ocean 34°22' N 136°40' E 16 10 7.3 ± 0.2 7.3 ± 0.2 40.0 ± 1.5
3 March 11, 1999 Ago Bay Pacific Ocean 34°22' N 136°40' E 11 11 7.7 ± 0.2 7.6 ± 0.1 47.1 ± 1.4
4 June 2, 2000 Tsushima Island Japan Sea 34°22' N 129°20' E 20 10 5.8 ± 0.1 5.5 ± 0.1 28.7 ± 1.3
aResults are expressed as mean ± SE (n =10–11). The sex of samples of 2 and 3 was not confirmed, and the sex of samples of 1 and 4 could not be determined because
of immaturity.



were held at 230 and 215°C, respectively. The split ratio was
1:75, and the ionization voltage was 70 eV, respectively. He-
lium was used as the carrier gas at a constant inlet rate of 0.7
mL/min. 

FAME were identified (i) using marine lipid methyl esters
as standards (Omegawax test mixture No. 4-8476; Supelco
Japan Ltd.) and (ii) by comparison of mass spectral data ob-
tained by GC–MS. 

RESULTS AND DISCUSSION

Lipid content of P. fucata. Biological data on the P. fucata sam-
ples are listed in Table 1. The sizes and weights of samples 2
and 3 were markedly greater than those of samples 1 and 4,
showing that the P. fucata grew during the growing season. The
TL content and lipid classes are shown in Table 2. The TL con-
tent was 0.4–2.0% in all culture conditions; all the mean lipid
contents were very low, similar to those of other oysters (Cras-
sostrea spp.; Ref. 2). In addition, the lipid contents were
slightly higher (1.0–2.0%) during the spawning season (June
and July) than in the growing season (0.4–0.7%, November and
March); the comparatively high lipid levels in the spawning
season suggest that the lipids may play some role in maturation
(14), similar to that in finfishes (15); this phenomenon differed
from the tendency toward seasonal variation of glycogen,
whose levels are higher in the growing season (16). Otherwise,
the higher lipid contents in June and July suggest that the warm
seawater might have promoted accumulation of lipids related
to a high metabolic activity in this season. The lowest lipid con-
tent, seen in sample 3, suggests that the most unfavorable con-
dition, i.e., the low temperature in this season, disturbed the
normal lipid metabolism; the most suitable temperature for this
bivalve is from 18 to 25°C, and its lowest survival temperature
is generally known to be about 13°C. 

Lipid classes in the total lipids of P. fucata. The lipid classes
of P. fucata are shown in Table 2. TAG [7.4–27.3% of the total
FA (TFA)] and ST (13.6–39.6% of TFA) were the major com-
ponents in the neutral lipids in all specimens, with low levels
of WE (0.1–0.4% of TFA), SE (0.5–7.4% of TFA), GE

(0.9–3.1% of TFA), and DAG (0.3–0.9% of TFA). In contrast,
the species had high levels of PL (PE, 20.9–29.9% of TFA; PC,
8.7–13.8% of TFA). In addition, significant levels of CAEP
(7.1–11.9% of TFA) were found in the polar lipids with low
levels of sphingolipids. The low level of neutral lipids reflected
the low lipid content in the species (0.4–2.0%), because it is a
lean organism (17,18). In general, the proportions of PL in tis-
sue TL are constant in all animals because they are important
as cell membrane lipids, except for the Euphausia sp. (Euphau-
sia pacifica; Ref. 19), whereas the levels of depot lipids vary
(9). The mean PL contents in tissues of all marine organisms
can be less than 1% of their tissue weight (17,18). In fact, all of
its actual PL levels (0.12–0.76% of total tissue weight) were
less than 1% of the tissue weight, similar to those of other ma-
rine animals.

The lipid classes in sample 3 differed from those in other
samples; in particular, the levels of ST in the sample were high-
est (7.4 ± 0.9% for SE and 39.6 ± 1.9% for ST). This result may
also have been caused by a less favorable condition such as the
lower seawater temperature; the high levels of SE and ST
might be viewed as the result of low levels of depot TAG. 

Similar to data on the Pacific oyster reported by Soudant et
al. (3), significant levels of FFA (6.9–10.8% of TFA) were
found in TL; this may be a result of digested products of glyc-
erol derivatives in its viscera that were degraded by enzymatic
metabolism, because the sampling of the whole soft part con-
tained digestive glands that may have contained active enzymes
for digestion. 

The lipids of P. fucata contained mainly glycerol derivatives
(TAG, FFA, PE, and PC), and the total proportion of these de-
rivatives reached about 48–73%, with low levels of other depot
lipids such as WE and GE. Comparatively high levels of ST
(13.2–39.6%) were found, and the ST fractions were consid-
ered to contain several kinds of sterols; NMR analysis dis-
played at least two singlet peaks of C-18-positional methyl
moieties of ST. 

These lipid classes may be a characteristic of this bivalve
species except for the differences in the SE and ST levels in
sample 3, which grew under less favorable conditions, all other
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TABLE 2
Lipid Contents and Lipid Classes of Pinctada fucata martensiia

Sample no. No. of replicates Lipid contentsb WEc SEc GEc TAGc STc

1 9 2.0 ± 0.2 0.1 ± 0.0 0.5 ± 0.2 1.5 ± 0.3 27.3 ± 3.7 13.6 ± 2.2
2 10 0.7 ± 0.0 0.3 ± 0.1 0.9 ± 0.3 1.6 ± 0.4 13.9 ± 1.5 24.7 ± 1.5
3 11 0.4 ± 0.0 0.4 ± 0.2 7.4 ± 0.9 0.9 ± 0.1 7.4 ± 1.0 39.6 ± 1.9
4 10 1.0 ± 0.1 0.2 ± 0.1 0.7 ± 0.2 3.6 ± 0.4 14.0 ± 1.8 22.9 ± 1.5

DAGc FFAc PEc CAEPc,d PCc,e

1 9 0.9 ± 0.2 6.9 ± 1.4 24.2 ± 4.1 11.9 ± 2.0 13.8 ± 2.9
2 10 0.7 ± 0.1 10.8 ± 2.5 24.4 ± 1.2 10.9 ± 2.2 12.8 ± 2.1
3 11 0.8 ± 0.5 10.1 ± 1.5 20.9 ± 2.4 11.2 ± 2.4 8.7 ± 1.9
4 10 0.3 ± 0.1 9.3 ± 0.6 30.8 ± 1.1 6.3 ± 1.8 12.5 ± 0.9
aData are mean ± SE (n = 9–11). WE, wax esters; SE, steryl esters; GE, glyceryl ethers; ST, sterols; CAEP, ceramide aminoethyl phosphate.
bResults are expressed as weight percent of wet tissue.
cResults are expressed as weight percent of total lipids.
dCAEP fractions contain small amounts of other minor phospholipids.
ePC fractions contain small amounts of sphingomyerlin.



samples analyzed which were collected from different areas
and in different seasons (samples 1, 2, and 4) were similar to
each other (Table 2). 

FA composition of TAG depot lipids in P. fucata. FA in the
TAG (more than 0.8% of TFA) are shown in Table 3. More than
60 kinds of FA were found in the TAG and PL of P. fucata. The
wide range of FA detected in the lipids might have been caused
by its omnivorous behavior (16), similar to that of higher trophic
marine animals (9). Although the FA composition of TAG var-
ied among specimens because of the seasonal and spatial varia-
tions of the prey lipids, the major FA were almost the same
under the four different conditions. Nine dominant FA (more
than about 2% of TFA) in TAG were found among the four dif-

ferent conditions—14:0 (1.5–6.0%), 16:0 (12.4–15.3%), and
18:0 (5.9–10.1%) as saturates; 16:1n-7 (2.1–8.6%), 18:1n-9
(2.1–7.5%), and 18:1n-7 (3.4–5.0%) as monoenes; arachidonic
acid (AA) (2.1–8.6%) as n-6 PUFA; and EPA (8.5–18.0%) and
DHA (9.0–18.8%) as n-3 PUFA—with significant levels of 11
FA—17:0 as saturates; 20:1n-11, 20:1n-9, and 20:1n-7 as mono-
enes; 18:2n-6 as dienes; 22:2n-9,15 and 22:2n-7,15 as non-meth-
ylene-interrupted dienoic (NMID) FA; 22:3n-6,9,15 as n-6
PUFA; and 18:3n-3, 18:4n-3, and 22:5n-3 (DPA: docosapen-
taenoic acid) as n-3 PUFA. 

In general, both the short-chain saturates (14:0, 16:0, 17:0,
and 18:0) and unsaturates (16:1n-7, 18:1n-7, 18:1n-9, 18:2n-6,
18:3n-3, 18:4n-3, and EPA) are also contained in the lipids of
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TABLE 3
FA Composition of TAG of Pinctada fucata martensii Examineda

1 2 3 4

Entry Mean  SE Mean  SE Mean  SE Mean  SE

Total saturated 30.2 ± 1.9 31.2 ± 1.0 29.8 ± 1.0 28.6 ± 0.6
14:0 5.7 ± 0.6 6.0 ± 0.3 1.5 ± 0.1 2.9 ± 0.1
16:0 15.3 ± 2.0 15.3 ± 0.5 12.4 ± 0.6 15.1 ± 0.5
17:0 1.0 ± 0.2 1.3 ± 0.1 2.2 ± 0.1 1.7 ± 0.1
18:0 5.9 ± 0.3 6.4 ± 0.4 10.1 ± 0.6 7.0 ± 0.2

Total monoenoic 17.5 ± 0.4 23.0 ± 0.5 20.9 ± 0.9 16.6 ± 0.3
16:1n-7 6.3 ± 0.6 8.6 ± 0.3 2.1 ± 0.2 4.1 ± 0.2
18:1n-9 2.1 ± 0.3 3.5 ± 0.1 7.5 ± 1.1 3.7 ± 0.1
18:1n-7 3.9 ± 0.1 5.0 ± 0.2 3.4 ± 0.4 4.1 ± 0.1
18:1n-5 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0
19:1n-9 0.4 ± 0.0 0.8 ± 0.0 0.3 ± 0.1 0.2 ± 0.0
20:1n-11 1.5 ± 0.3 1.8 ± 0.1 4.3 ± 0.5 1.1 ± 0.0
20:1n-9 0.9 ± 0.0 1.0 ± 0.0 1.2 ± 0.1 1.1 ± 0.0
20:1n-7 1.3 ± 0.1 1.4 ± 0.1 1.1 ± 0.2 0.8 ± 0.0

Total NMID 3.3 ± 0.5 3.5 ± 0.2 6.7 ± 0.4 3.0 ± 0.1
20:2n-7,15 0.2 ± 0.0 0.2 ± 0.1 0.8 ± 0.3 0.1 ± 0.0
22:2n-9,15 0.9 ± 0.2 0.9 ± 0.1 1.7 ± 0.2 1.2 ± 0.0
22:2n-7,15 1.9 ± 0.3 2.0 ± 0.1 4.0 ± 0.2 1.5 ± 0.1

Total polyenoic 47.2 ± 2.0 40.3 ± 1.3 39.4 ± 1.2 48.9 ± 0.7
Total n-4 polyenoic 2.5 ± 0.2 4.7 ± 0.2 2.5 ± 0.2 1.5 ± 0.1

16:2n-4 0.6 ± 0.1 1.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.0
16:3n-4 0.5 ± 0.1 1.2 ± 0.1 0.4 ± 0.0 0.5 ± 0.0
16:4n-1 0.7 ± 0.3 1.0 ± 0.1 1.1 ± 0.2 0.3 ± 0.0

Total n-6 polyenoic 13.0 ± 0.3 6.4 ± 0.2 11.6 ± 0.4 8.7 ± 0.3
18:2n-6 1.2 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 2.2 ± 0.1
20:2n-6 0.6 ± 0.0 0.7 ± 0.1 1.0 ± 0.1 1.3 ± 0.1
20:4n-6 8.6 ± 0.4 2.1 ± 0.1 5.3 ± 0.4 2.4 ± 0.1
22:3n-6,9,15 1.0 ± 0.1 1.2 ± 0.1 2.3 ± 0.1 1.5 ± 0.1
22:4n-6 0.9 ± 0.1 0.2 ± 0.0 0.6 ± 0.0 0.3 ± 0.0
22:5n-6 0.4 ± 0.0 0.4 ± 0.0 0.7 ± 0.0 0.6 ± 0.1

Total n-3 polyenoic 31.6 ± 2.0 29.2 ± 1.1 25.3 ± 1.2 38.6 ± 0.6
18:3n-3 1.0 ± 0.1 2.4 ± 0.1 0.8 ± 0.1 2.3 ± 0.1
18:4n-3 1.6 ± 0.2 3.7 ± 0.2 0.7 ± 0.1 3.0 ± 0.1
20:4n-3 0.6 ± 0.1 0.7 ± 0.0 0.5 ± 0.1 1.1 ± 0.0
20:5n-3 18.0 ± 1.9 12.3 ± 0.5 8.5 ± 0.7 12.2 ± 0.2
22:5n-3 1.1 ± 0.1 0.8 ± 0.0 1.4 ± 0.1 1.2 ± 0.1
22:6n-3 9.1 ± 0.4 9.0 ± 0.5 13.0 ± 0.5 18.2 ± 0.4

Total FA 94.8 ± 0.4 94.6 ± 0.2 90.0 ± 0.7 94.6 ± 0.1
aData are mean ± SE for several samples (n = 9–29).
bIn Tables 3–5, the major FA were selected if at least one mean datum was detected at a level of 0.8% or more of total FA.
NMID, non-methylene interrupted diene(s).



phytoplankton (Bacillariophyceae, Haptophyceae, Crypto-
phyceae, Eustigmatophytes, and Euglenophyceae: Ref. 20).
For example, several species of diatoms (Bacillariophyceae:
Refs. 21 and 22) and Eustigmatophytes (23) have markedly
high EPA contents (more than 20% of TFA). Furthermore,
some phytoplankton lipids often contain significant levels of
AA, with high levels of FA, such as 14:0 and 16:0, 16:1n-7, and
EPA (Bacillariophyceae, Ref. 24; Rhodophyceae, Refs.  25 and
26; Haptophyceae, Refs. 27 and 28). Taking into account the
microalgal biomass and species variety of phytoplankton in the
sea, these results suggest that diatoms might be the major prey
of P. fucata as an EPA and AA source. 

On the other hand, it is well known that some phytoplank-
ton, such as dinoflagellates, contain noticeable levels of DHA
(more than 3% of TFA), with significant levels of EPA (more
than 5% of TFA) (Bacillariophyceae: Refs. 20,22,28; dinofla-
gellates: Refs. 24,28–30; Haptophyceae: Ref. 27,28,31; Chrys-
ophyceae and Xanthophyceae: Ref. 24). The DHA in the TAG
of P. fucata might have originated specifically from these phy-
toplankton classes, mainly supplied by dinoflagellates.

Even though the TAG are only depot lipids, the three
PUFA—AA (2.1–8.6%), EPA (8.5–18.0%), and DHA
(9.0–18.8%)—in the TAG of P. fucata were significantly high.
The high EPA levels might be similar to the TAG of other ma-
rine bivalves (5,32). Furthermore, the high level of AA in the
TAG is an unusual characteristic, because this FA is a minor
component in the depot lipids of other marine animals; only
trace amounts are usually found in the depot TAG of other ma-
rine animals, such as copepods, which are at the same trophic
level. Compared with the FA composition of phytoplankton, the
high levels of both AA and EPA in TAG of P. fucata corre-
spond well with those in some diatom lipids, except for NMID. 

FA composition in tissue PL in P. fucata. In contrast to the
FA composition of the TAG, the major FA (more than 3% of
TFA) of the PL were more limited, as shown in Tables 4 and 5.
In the FA composition of PE, low levels of dimethylacetals
(DMA), such as DMA 18:0, were included (Table 4). The the-
oretical values of the FA composition were obtained by delet-
ing the DMA from the TFA of PE. After this treatment, seven
major FA were consistently found in the PE of all specimens
under the four different conditions (2% or more of the TFA)—
18:0 (5.4–7.7%) as saturates; 22:2n-9,15 (7.8–12.9%) and
22:2n-7,15 (2.4–8.2%) as NMID; AA (8.8–11.4%) and 22:3n-
6,9,15 (4.3–7.2%) as n-6 PUFA; EPA (7.7–12.8%) and DHA
(20.1–33.2%) as n-3 PUFA—with significant amounts of seven
other FA—16:0 as saturates; 20:1n-11 and 20:1n-9 as mono-
enes; 22:4n-6 as n-6 PUFA; and DPA as n-3 PUFA. 

The five FA were also the major components in the PC: 16:0
(14.9–20.0%) and 18:0 (3.6–6.9%) as saturates, 22:2n-7,15
(1.1–3.5%) as NMID; AA (3.7–9.5%) as n-6 PUFA; and EPA
(7.6–8.8%) and DHA (23.2–40.9%) as n-3 PUFA. Significant
amounts of 10 FA—17:0 as saturates; 18:1n-9, 18:1n-7, and
20:1n-11 as monoenes; 22:2n-9,15 as NMID; 22:3n-6,9,15 and
22:5n-6 as n-6 PUFA; and DPA as n-3 PUFA—were found in
the PC. Although the detailed FA levels of the PE differed
slightly from those of the PC, the profile of these major com-

ponents of the PE were close to those of the PC. In particular,
the total amounts of PUFA in both PE and PC (40.3–60.6% for
PE and 51.4–59.0% for PC) were high under all four condi-
tions; therefore, the PE and PC of the P. fucata were rich
sources of PUFA, similar to those in other marine animals
(17,18). 

The high levels of total PUFA in the PL suggest the accu-
mulation of PUFA in the tissue, because bivalves may not be
able to biosynthesize PUFA such as AA and DHA (10,33). In
particular, the high levels of AA, EPA, and DHA might be the
result of a concentration of these PUFA in the tissue, because
high levels of PUFA were consistently found in the PL, com-
pared with those in the depot lipids. Moreover, significant lev-
els of n-6 PUFA, such as 22:4n-6, which is a the elongation
product of AA, were found in the PL, compared with the trace
levels found in the TAG. Similarly, the level of AA in the PL
increased slightly, compared with that in the TAG. As for n-3
PUFA, the level of DHA increased markedly in both the PE and
PC, and DPA increased slightly  in the PL, whereas the shorter-
chain unsaturates 18:4n-3 and EPA decreased in the PL com-
pared with those in the TAG. The species may selectively con-
centrate longer and more highly unsaturated FA in its tissues as
membrane lipids. 

During the spawning season, the DHA content in PC fluctu-
ated between 23.2 and 40.8% of TFA (samples 1 and 4). This
amount may be influenced by environmental and seasonal dif-
ferences in the prey phytoplankton lipids, because the total
PUFA levels (NMID, n-4, n-6, and n-3 PUFA: 58.9% of TFA
for specimens of sample 1, and 59.0% for those of sample 4) in
the spawning season did not differ much from each other. Oth-
erwise, in the spawning season, the fluctuation of its FA compo-
sition might be influenced by maturation, because differences in
the concentrations of specific chemical components in the tis-
sues were often found between before and after spawning.

Biosynthesis of the NMID in the P. fucata tissues. The no-
table levels of C22 NMID in TAG, PC, and in particular PE,
suggest that this species may have enzymes in its tissues, for
the biosynthetic elongation to 22-carbon chains and for the de-
saturation to NMID by ∆5 desaturase, similar to the synthetic
pathway in other bivalves (10,33–37), because these dienes in-
creased with a decrease in the saturates and monoenes (from
TAG to PL). For instance, the levels of long-chain NMID
22:2n-9,15 and 22:2n-7,15 increased markedly, while there
were decreases of 14:0, 16:1n-7, 18:1n-9, and 18:1n-7 in the
PE, compared with high levels of the shorter-chain and less un-
saturated FA in the TAG. This result suggests that these NMID
might originate from 18:1n-9 and 18:1n-7. The significantly
high level of 22:3n-6,9,15, which is considered to be derived
by ∆5 desaturation after the elongation of linoleic acid (18:2n-
6,9), also suggests the presence of the desaturase, similar to
other NMID derivatives. 

All changes in FA from depot to tissue lipids under the four
different conditions had the same tendency, in which shorter-
chain and less unsaturated FA decreased in the polar lipids.
These facts suggest that elongation and desaturation mecha-
nisms exist in P. fucata.
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Accumulation of n-3 PUFA in the lipids of P. fucata. In the
marine food chain, many pelagic fishes accumulate n-3 PUFA,
such as DHA, which may originate from the phytoplankton (8).
In general, DHA is the dominant PUFA in both the PE and PC
of almost all higher trophic-level marine animals after accumu-

lation in the food chain (17,18,38). Moreover, DHA is required
by all marine fish because they are unable to biosynthesize this
EFA (8,39,40). Although the high levels of n-3 PUFA in P. fu-
cata PL were also similar to the results reported for other ma-
rine animals (17), fluctuations of the respective PUFA were
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TABLE 4
FA Composition of PE of Pinctada fucata martensii examineda

1 Calcd. 1 2 Calcd. 2 3 Calcd. 3 4 Calcd. 4
Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Total saturated 12.9 ± 1.6 12.8 ± 1.1 7.9 ± 0.4 10.1 ± 0.4 7.7 ± 0.5 9.3 ± 0.3 7.9 ± 0.2 10.7 ± 0.3
14:0 1.4 ± 0.2 1.3 ± 0.1 1.1 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.9 ± 0.1
16:0 2.2 ± 0.5 2.0 ± 0.3 0.9 ± 0.1 1.1 ± 0.1 1.1 ± 0.2 1.3 ± 0.2 0.6 ± 0.0 0.8 ± 0.1
17:0 0.8 ± 0.1 0.9 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.5 ± 0.0 0.6 ± 0.0 0.4 ± 0.0 0.6 ± 0.0
18:0 7.2 ± 0.8 7.3 ± 0.6 4.4 ± 0.2 5.6 ± 0.2 4.5 ± 0.3 5.4 ± 0.2 5.7 ± 0.2 7.7 ± 0.2

Total monoenoic 10.1 ± 0.8 10.4 ± 0.5 6.1 ± 0.2 7.8 ± 0.4 4.6 ± 0.3 5.7 ± 0.4 7.6 ± 0.2 10.2 ± 0.2
16:1n-7 0.5 ± 0.2 0.4 ± 0.1 0.5 ± 0.0 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.4 ± 0.0 0.5 ± 0.1
18:1n-9 0.7 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 1.3 ± 0.0 1.8 ± 0.1
18:1n-7 0.8 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 0.8 ± 0.1 0.7 ± 0.2 0.9 ± 0.2 0.5 ± 0.1 0.7 ± 0.1
18:1n-5 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.5 ± 0.2 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
19:1n-9 0.2 ± 0.0 0.2 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.1 ± 0.0 0.1 ± 0.0
20:1n-11 2.5 ± 0.2 2.7 ± 0.1 1.2 ± 0.1 1.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 1.7 ± 0.1 2.2 ± 0.1
20:1n-9 2.8 ± 0.3 3.0 ± 0.2 1.6 ± 0.1 2.0 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 2.3 ± 0.1 3.0 ± 0.1
20:1n-7 1.5 ± 0.2 1.5 ± 0.2 0.7 ± 0.0 0.9 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.7 ± 0.0 1.0 ± 0.0

Total NMID 19.1 ± 0.9 20.7 ± 0.7 17.6 ± 0.8 22.5 ± 0.8 9.2 ± 0.9 11.0 ± 0.6 14.4 ± 0.3 19.3 ± 0.3
20:2n-7,15 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 0.7 ± 0.0
22:2n-9,15 11.7 ± 0.6 12.6 ± 0.5 10.1 ± 0.6 12.8 ± 0.6 6.5 ± 0.6 7.8 ± 0.5 9.6 ± 0.3 12.9 ± 0.3
22:2n-7,15 6.4 ± 0.3 6.8 ± 0.2 6.4 ± 0.2 8.2 ± 0.2 2.1 ± 0.3 2.4 ± 0.3 3.7 ± 0.1 4.9 ± 0.2

Total polyenoic 46.7 ± 1.2 51.8 ± 1.1 44.6 ± 1.8 56.9 ± 0.6 59.0 ± 2.4 71.8 ± 0.7 42.5 ± 0.7 56.9 ± 0.4
Total n-4 polyenoic 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0

16:2n-4 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
16:3n-4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
16:4n-1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Total n-6 polyenoic 18.1 ± 0.7 20.2 ± 0.5 14.9 ± 0.7 19.0 ± 0.4 17.5 ± 1.0 21.3 ± 0.7 14.6 ± 0.3 19.6 ± 0.3
18:2n-6 0.3 ± 0.0 0.3 ± 0.1 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 0.3 ± 0.0
20:2n-6 1.0 ± 0.2 1.1 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.0
20:4n-6 8.6 ± 0.6 9.6 ± 0.7 6.9 ± 0.4 8.8 ± 0.3 9.4 ± 0.5 11.4 ± 0.5 6.9 ± 0.2 9.3 ± 0.2
22:3n-6,9,15 4.3 ± 0.2 4.7 ± 0.2 4.2 ± 0.2 5.3 ± 0.2 3.6 ± 0.2 4.3 ± 0.2 5.4 ± 0.1 7.2 ± 0.1
22:4n-6 3.0 ± 0.2 3.4 ± 0.1 1.8 ± 0.1 2.3 ± 0.1 2.5 ± 0.2 3.1 ± 0.2 1.1 ± 0.1 1.5 ± 0.1
22:5n-6 0.8 ± 0.1 1.0 ± 0.1 1.1 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 1.8 ± 0.1 0.5 ± 0.0 0.7 ± 0.0

Total n-3 polyenoic 26.4 ± 2.1 31.3 ± 1.5 29.5 ± 1.2 37.6 ± 0.7 41.3 ± 1.8 50.3 ± 1.2 27.7 ± 0.6 37.0 ± 0.4
18:3n-3 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
18:4n-3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:4n-3 0.3 ± 0.0 0.4 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:5n-3 6.6 ± 0.5 7.7 ± 0.6 7.0 ± 0.2 9.0 ± 0.4 10.4 ± 0.6 12.8 ± 0.7 7.5 ± 0.2 10.1 ± 0.3
22:5n-3 2.2 ± 0.2 2.6 ± 0.2 2.4 ± 0.1 3.0 ± 0.0 3.1 ± 0.2 3.8 ± 0.1 1.8 ± 0.1 2.5 ± 0.0
22:6n-3 16.7 ± 1.7 20.1 ± 1.1 19.6 ± 1.1 24.8 ± 0.9 27.3 ± 1.4 33.2 ± 1.0 17.7 ± 0.5 23.6 ± 0.4

Total FA 86.8 ± 2.1 95.7 ± 0.3 76.3 ± 2.6 97.3 ± 0.4 80.5 ± 3.6 97.8 ± 0.3 72.5 ± 1.0 97.0 ± 0.2

DMA 15:0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0
DMA 16:0 0.2 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.9 ± 0.1
DMA 17:0 0.4 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 1.2 ± 0.1
DMA 17:0i 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.1
DMA 18:0 6.6 ± 1.7 17.0 ± 2.1 13.8 ± 3.0 20.1 ± 0.8
DMA 18:0i 0.3 ± 0.1 0.7 ± 0.1 0.9 ± 0.2 1.1 ± 0.1
DMA 19:0 0.2 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.2 ± 0.0
DMA 19:0i 0.6 ± 0.1 0.9 ± 0.1 1.1 ± 0.2 1.0 ± 0.1
DMA 20:0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
DMA 18:1 0.8 ± 0.2 0.8 ± 0.1 0.3 ± 0.1 0.2 ± 0.0
DMA 20:1 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.1 0.3 ± 0.0
Total DMA 9.4 ± 2.2 21.6 ± 2.7 17.7 ± 3.6 25.3 ± 1.0
aData are mean ± SE for several samples (n = 9–29).
bIn Tables 3–5, the major FA were selected if at least one mean datum was detected at a level of 0.8% or more of total FA. DMA, dimethyl acetals;
i, abbreviation of the “iso”-compound. For other abbreviations see Table 3.



found in the polar lipids. For example, the DHA in PE fluctu-
ated from 18.4 to 33.2%, and that in PC fluctuated from 23.2 to
40.9%; the AA (9.5% of TFA) seemingly compensated for the
lack of DHA (23.2% of TFA) in the FA composition of PC in
sample 1. This result suggests that mollusks might not have an
absolute requirement for DHA as an EFA, and that P. fucata
might maintain the higher PUFA only for the fluidity of the cell
membranes. This speculation is supported by some reports of
extremely low levels of DHA in tissue lipids of some gastro-
pod mollusks (10,34,35,41). 

Relationship between prey lipids and the concentration of
AA in the lipids of P. fucata. With respect to the level of PUFA,
freshwater fish generally take in terrestrial prey rich in n-6

PUFA; consequently, they have comparatively high levels of
n-6 PUFA, such as linoleic acid and AA, in their lipids (42). In
contrast, marine organisms have mainly n-3 FA as PUFA;
therefore, AA is usually undetectable or negligible in marine
animal lipids. However, we found that Siganus canaliculatus,
which is a typical subtropical coral fish, has significant levels
of AA with consistently high DHA levels in its lipids (43). It is
an herbivorous animal that prefers some seaweeds (macroal-
gae), such as Cladosiphon spp., and accumulates AA that orig-
inates from the lipids of brown algae. This species has a vege-
tarian feeding habit, and its lipids therefore differ from those of
carnivorous marine fish species. The high levels of both n-3
and n-6 PUFA in S. canaliculatus tissues tended to be similar
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TABLE 5
FA Composition of PC of Pinctada fucata martensii Examineda

1 2 3 4

Entry Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Total saturated 26.9 ± 0.7 28.1 ± 1.1 23.8 ± 1.1 24.9 ± 0.7
14:0 0.8 ± 0.1 0.5 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
16:0 16.7 ± 2.1 20.0 ± 0.8 14.9 ± 1.2 17.8 ± 0.5
17:0 1.5 ± 0.1 2.1 ± 0.1 2.9 ± 0.2 1.9 ± 0.1
18:0 6.9 ± 1.8 4.2 ± 0.4 4.3 ± 0.4 3.6 ± 0.2

Total monoenoic 12.5 ± 0.5 12.6 ± 1.0 9.9 ± 0.7 8.1 ± 0.2
16:1n-7 1.2 ± 0.1 1.3 ± 0.1 0.6 ± 0.1 0.5 ± 0.0
18:1n-9 2.0 ± 0.3 2.4 ± 0.1 2.8 ± 0.2 1.2 ± 0.2
18:1n-7 2.7 ± 0.2 3.1 ± 0.1 1.4 ± 0.1 2.2 ± 0.1
18:1n-5 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.9 ± 0.2
19:1n-9 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:1n-11 3.2 ± 0.5 3.3 ± 0.6 2.3 ± 0.4 0.8 ± 0.1
20:1n-9 0.9 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.6 ± 0.0
20:1n-7 1.1 ± 0.1 0.8 ± 0.1 0.6 ± 0.1 0.4 ± 0.0

Total NMIDs 5.3 ± 1.4 5.0 ± 0.4 5.9 ± 0.7 2.5 ± 0.1
20:2n-7, 15 0.2 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.1 ± 0.0
22:2n-9, 15 2.1 ± 0.9 1.3 ± 0.2 1.8 ± 0.3 1.1 ± 0.1
22:2n-7, 15 2.7 ± 0.4 3.4 ± 0.3 3.5 ± 0.5 1.1 ± 0.1

Total polyenoic 53.6 ± 1.5 53.2 ± 2.0 58.0 ± 1.3 62.4 ± 0.7
Total n-4 polyenoic 1.6 ± 0.3 1.4 ± 0.2 1.0 ± 0.1 1.4 ± 0.1
16:2n-4 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
16:3n-4 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
16:4n-1 1.1 ± 0.3 0.9 ± 0.2 0.6 ± 0.1 0.9 ± 0.1

Total n-6 polyenoic 16.4 ± 0.5 10.9 ± 0.3 12.8 ± 0.4 8.6 ± 0.1
18:2n-6 0.9 ± 0.1 1.0 ± 0.0 0.6 ± 0.0 1.0 ± 0.0
20:2n-6 0.6 ± 0.0 0.5 ± 0.0 0.4 ± 0.1 0.4 ± 0.0
20:4n-6 9.5 ± 0.4 4.5 ± 0.1 6.1 ± 0.3 3.7 ± 0.1
22:3n-6,9,15 1.5 ± 0.3 1.9 ± 0.0 2.6 ± 0.1 1.3 ± 0.1
22:4n-6 2.2 ± 0.2 0.9 ± 0.1 1.1 ± 0.1 0.8 ± 0.0
22:5n-6 1.4 ± 0.1 1.8 ± 0.1 1.9 ± 0.1 1.4 ± 0.0

Total n-3 polyenoic 35.6 ± 1.1 41.0 ± 1.7 44.1 ± 1.2 52.3 ± 0.7
18:3n-3 0.6 ± 0.1 1.0 ± 0.0 0.5 ± 0.0 0.6 ± 0.0
18:4n-3 0.4 ± 0.1 0.6 ± 0.0 0.2 ± 0.0 0.5 ± 0.0
20:4n-3 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
20:5n-3 8.6 ± 0.6 7.6 ± 0.4 8.4 ± 0.6 7.9 ± 0.2
22:5n-3 2.6 ± 0.1 2.0 ± 0.1 2.5 ± 0.1 2.1 ± 0.1
22:6n-3 23.2 ± 1.1 29.6 ± 1.2 32.3 ± 1.1 40.9 ± 0.8
Total FA 93.0 ± 1.5 93.9 ± 0.5 91.7 ± 0.9 95.4 ± 0.2
aData are mean ± SE for several samples (n = 9–29).
bIn the Tables 3–5, the major FA are selected, if at least one mean datum was detected at a level of 0.8% or more of total
FA.



to the high PUFA levels in P. fucata tissues. As for the differ-
ence between S. canaliculatus and P. fucata in the n-3 and n-6
PUFA levels we found that the levels of DHA in P. fucata fluc-
tuated among the different conditions, even though consistently
high levels of DHA were observed in S. canaliculatus tissues. 

Although the role of n-6 PUFA in marine organisms is not
clearly determined, P. fucata may accumulate AA similarly to
n-3 PUFA. Differing from the essentiality of n-3 PUFA for ma-
rine subtropical fish, this bivalve may accumulate n-6 PUFA as
a substitute for n-3 PUFA to maintain the fluidity of its cell
membranes. All marine animals may have a tendency to accu-
mulate PUFA in their tissues, and the difference in n-6 and n-3
PUFA levels among bivalve species may be caused only by
their feeding habits.

Although P. fucata is omnivorous, similar to many other
plankton feeders such as zooplankton, its lipid profile suggests
that its prey may differ from those of zooplankton, which are
primary consumers on the same trophic level as P. fucata. This
suggests that P. fucata mainly filters specific or limited small
phytoplankton, whereas many other animals ingest various
prey, such as small animals (copepods, ciliates, and flagellates),
phytoplankton, and detritus. In particular, high levels of AA
and EPA in its lipids also suggest the effect of the lipids of spe-
cific phytoplankton. 

Consequently, we determined that the lipids in P. fucata tis-
sues contained comparatively high levels of both n-3 and n-6
PUFA, and more specifically, that AA and EPA and their de-
rivatives were characteristic FA in both the depot TAG and the
tissue PE and PC. Furthermore, the P. fucata may transform
biosynthetically from shorter, monoenoic FA to longer NMID
localized in the PE; AA may thus be useful as a lipid biomarker
of herbivorous animals, because most marine animals do not
have high levels of AA. 
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ABSTRACT: A series of umbelliferone aminoalkyl derivatives,
previously studied as inhibitors of squalene-hopene cyclase,
were tested as inhibitors of yeast (Saccharomyces cerevisiae)
oxidosqualene cyclase (OSC) and OSC from Trypanosoma cruzi
and Pneumocystis carinii expressed in yeast. Enzymes from
these pathogens were included in this study to provide a pre-
liminary screening for antiparasitic activity. Tests were carried
out both on cell homogenates incubated with radiolabeled oxi-
dosqualene and on spheroplasts incubated with radiolabeled
acetate. Derivatives bearing a methylallylamino group were the
most effective on all of the three enzymes. The P. carinii en-
zyme was the most susceptible to the action of the inhibitors,
with IC50 values for almost all of them ranging from 0.1 to 1 µM.
The T. cruzi enzyme was appreciably inhibited (IC50 4–5 µM)
only by derivatives bearing a methylallylaminoalkyl flexible
chain. Results identify a particularly promising new family of
OSC inhibitors, for the development of novel antiparasitic
agents.

Paper no. L9600 in Lipids 39, 1007–1012 (October 2004).

In both photosynthetic and nonphotosynthetic organisms, ox-
idosqualene cyclases (OSC) catalyze the key reaction of
sterol biosynthesis, namely, the formation of a cyclic inter-
mediate from an acyclic precursor, oxidosqualene (1,2). This
cyclization is one of the most complex, efficient, and highly
stereoselective reactions catalyzed by a single enzyme (3). 

For decades it has attracted the interest of researchers not
only for its fascinating mechanism, but also as a potential tar-
get in drug-development projects. Selective inhibition of OSC
would offer a promising approach to the control of blood cho-
lesterol levels in humans (4–8). 

A series of OSC inhibitors has recently been tested on Try-
panosoma cruzi, T. brucei, Pneumocystis carinii, and Leish-
mania mexicana (9,10) with the aim of developing new drugs
to treat the severe diseases that are caused by these microor-
ganisms. Along the same line, we turned to a series of
coumarin derivatives we had previously studied as inhibitors

of squalene-hopene cyclase (SHC) of Alicyclobacillus acido-
caldarius (11–13), the bacterial counterpart of eukaryotic
OSC. SHC, whose structure was elucidated a few years ago
(14,15), is thought to possess an active center cavity very sim-
ilar to that of OSC (16). Having proved the most effective on
SHC within the coumarin family (13), aminoalkyl derivatives
were tested in the present work on OSC from yeast (Saccha-
romyces cerevisiae) as well as on OSC from T. cruzi and P.
carinii expressed in yeast (17,18). Their inhibitory potency
has been assayed both on cell homogenates and, for the first
time, on spheroplasts. Recombinant enzymes from pathogens
are a convenient and safe model for screening new molecules
as antiparasitic agents. 

MATERIALS AND METHODS 

Materials. Chemicals and culture media were obtained from
Sigma-Aldrich (Milan, Italy) unless otherwise specified. Cou-
marin derivatives (Fig. 1) and the OSC substrate, 2,3-oxido-
squalene (OS), were synthesized as reported previously  (13,19).
Labeled [14C](3S)OS was prepared according to the method of
Popják (20) by incubating pig liver S10 supernatant with R,S[2-
14C]mevalonic acid (55 mCi/mmol, 2.04 GBq/mmol) (Amer-
sham Pharmacia Biotech, Little Chalfont, Buckinghamshire,
United Kingdom) in the presence of the OSC inhibitor 3β-(β-
dimethylaminoethoxy)-androst-5en-17one (DMAE-DHA) (21).
[2-14C]Acetate (50 mCi/mmol) and R,S[2-14C] mevalonic acid
(55 mCi/mmol, 2.04 GBq/mmol) were obtained from Amer-
sham Pharmacia Biotech. 

Strains of S. cerevisiae and cultural conditions. The aploid
mating type alpha (MATα) strain of S. cerevisiae FL100
(MATα ura3-1 trp1-1) having no mutation in the enzymes of
the sterol biosynthesis pathway (wild type) was kindly pro-
vided by Francis Karst (Colmar, France) (22). Cells were
grown aerobically at 30°C to early stationary phase in YPD
medium, containing 1% yeast extract (Oxoid, Basingstoke,
Hampshire, England), 2% peptone (Oxoid), and 2% glucose
(Merck, Darmstadt, Germany), to which 20 µg/mL ergosterol
was added from a stock solution of 2 mg/mL ergosterol in eth-
anol/Tween 80 (1:1 vol/vol). Inocula (0.5 mL per 100 mL cul-
ture medium) were taken from precultures grown aerobically
for 18 h. The following recombinant strains of S. cerevisiae

Copyright © 2004 by AOCS Press 1007 Lipids, Vol. 39, no. 10 (2004)

*To whom correspondence should be addressed at Dipartimento di Scienza e
Tecnologia del Farmaco, via P. Giuria, 9–10125 Torino, Italy.
E-mail: gianni.balliano@unito.it
Abbreviations: OS, 2,3-oxidosqualene; OSC, oxidosqualene cyclase; SHC,
squalene-hopene cyclase; YPD medium, 1% yeast extract, 2% peptone, 2%
glucose; YPG medium, 1% yeast extract, 2% peptone, 2% galactose.

Umbelliferone Aminoalkyl Derivatives as Inhibitors
of Oxidosqualene Cyclases from Saccharomyces

cerevisiae, Trypanosoma cruzi, and Pneumocystis carinii
Simonetta Oliaro-Bossoa, Franca Violaa, Seiichi Matsudab, Giancarlo Cravottoa,

Silvia Tagliapietraa, and Gianni Ballianoa,*
aDipartimento di Scienza e Tecnologia del Farmaco, Università di Torino, 10125 Turin, Italy, and

bDepartments of Chemistry and of Biochemistry and Cell Biology, Rice University, Houston, Texas 77005



were used: SMY8[pSM61.21] (MATa erg7::HIS3 hem1::TRP1
ura3-52 trp1-∆63 LEU2::OSC S. cerevisiae his3-∆200 ade2
Gal+) expressing wild-type yeast OSC; SMY8[pBJ1.21]
(MATa erg7::HIS3 hem1::TRP1 ura3-52 trp1-∆63 LEU2::OSC
T. cruzi his3-∆200 ade2 Gal+) expressing the T. cruzi OSC; and
SMY8[pBJ4.21] (MATa erg7::HIS3 hem1::TRP1 ura3-52 trp1-
∆63 LEU2::OSC P. carinii his3-∆200 ade2 Gal+) expressing
the P. carinii OSC. Recombinant strains were obtained as de-
scribed previously  (17) by transformation with a galactose-in-
ducible integrative yeast expression vector of the SMY8 S.
cerevisiae strain, an aploid (MATa) lanosterol synthase mutant
(erg7) strain. All strains, preserved in 40% glycerol at –80°C,
were cultured as previously reported (18). Briefly, cells were

grown aerobically as we have described with the addition to
the culture medium of heme (13 µg/mL, added from a stock so-
lution of 1.3 mg/mL heme in 1:1 ethanol/10 mM NaOH) and
of ergosterol (20 µg/mL, added from a stock solution of 2
mg/mL ergosterol in 1:1 ethanol/Tween 80). Precultures were
grown aerobically for 48 h. For OSC expression, 1 mL of inoc-
ula was grown for 48–72 h in 100 mL of YPG expression
medium (1% yeast extract, 2% peptone, 2% galactose) and 13
µg/mL heme. 

Enzyme assays. OSC activity was assayed in cell-free ho-
mogenates obtained from cultures grown to late exponential
phase in YPG at 30°C. Cells were centrifuged at 3000 × g for
10 min, and their walls were lysed with lyticase (2 mg/g wet
cells were suspended for 60 min at 30°C in 0.02 M KH2PO4
buffer, pH 7.4, containing 1.2 M sorbitol at a final concentra-
tion of 0.15 g of cell wet weight/mL). Spheroplasts were col-
lected by centrifugation at 3000 × g for 10 min, washed twice
with the same buffer, and homogenized with a Potter device
in 10 mM MES/Tris buffer, pH 6.9, containing 0.2 mM EDTA
and 1 mM PMSF at a final concentration of 0.5 g of cell wet
weight/mL. Proteins were quantified in the homogenate with
the Sigma Protein Assay Kit (Sigma, St. Louis, MO), based
on the method of Lowry et al. (23) using BSA as standard.
Homogenates could be used either fresh or after storage at
–80°C for several months. For the assay, 0.5-mL aliquots of
homogenate were incubated in the presence of labeled
[14C](3S)OS (1000 cpm) diluted with unlabeled (R,S)OS to a
final concentration of 25 µM. Substrate and inhibitors, when
added, were first dissolved in CHCl3, aliquots were pipetted
into test tubes containing Tween-80 (final conc. 0.2 mg/mL)
and Triton X-100 (final conc. 1 mg/mL), and the solvent was
evaporated under a stream of nitrogen. Residues were redis-
solved in 50 µL of 10 mM MES/Tris buffer, pH 6.9, contain-
ing 0.2 mM EDTA, then the amount of homogenate necessary
to obtain a 20% substrate transformation was added and vol-
umes were made up with buffer to 250 µL. After a 30-min in-
cubation at 35°C, the enzymatic reaction was stopped by
adding 1 mL of KOH in methanol (10% wt/vol) and heating
at 80°C for 30 min in a water bath. The resulting mixtures
were extracted with 2 mL petroleum ether, and extracts were
evaporated under a stream of nitrogen. Residues, dissolved in
a small amount of CH2Cl2, were spotted on TLC plates (Alu-
folien Kieselgel 60F254; Merck), which were developed with
CH2Cl2. The percent conversion of the labeled substrate to
lanosterol was estimated by integration from radioactivity
scans with a System 2000 Imaging Scanner (Hewlett-
Packard, Palo Alto, CA).

IC50 values (inhibitor concentrations that reduced the en-
zymatic conversion by 50%) were calculated by nonlinear re-
gression analysis of the residual activity vs. the log of in-
hibitor concentration (duplicate determinations in two differ-
ent experiments) using statistical software from Genstat
(NAG, Oxford, United Kingdom).

Incorporation of [2-14C]acetate into the nonsaponifiable
lipids of spheroplasts. Tween-80 (final conc. 0.2 mg/mL) and
inhibitors (when required) were dissolved in CHCl3 and
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FIG. 1. Structure of umbelliferone derivatives investigated as oxidosqualene
cyclase inhibitors. 7-[4′-(N-pyrrolidyn)-but-2-ynyloxy]chromen-2-one (1);
7-[4′-(N-diethylamino)-but-2-ynyloxy]chromen-2-one (2); 7-(4′-allylmethyl-
amino-but-2-ynyloxy)chromen-2-one (3); 7-(morpholinyl-N-octanyloxy)-
chromen-2-one (4); 7-(morpholinyl-N-hexyloxy)chromen-2-one (5);
7-(piperidinyl-N-hexyloxy)chromen-2-one (6); 7-[8′-(dimethylamino-N-
octyloxy)]chromen-2-one (7); 7-[10-(allylmethylamino)-decyloxy]chromen-
2-one (8); 7-[6-(allylmethylamino)-hexyloxy]-chromen-2-one (9).



added to 10-mL conical flasks. After the solvent was removed
under a stream of nitrogen, spheroplasts from 3 × 108 cells,
prepared and collected as we have described, were resus-
pended in 2.5 mL of 25 mM KH2PO4/NaOH buffer, pH 7.4,
containing 1.2 M sorbitol, 1% glucose, and 0.5 µCi of [2-
14C]acetate (50 mCi/mol) and then added to each flask. After
a 2-h incubation at 30°C under gentle shaking, spheroplasts
were collected by centrifugation and saponified in 50%
MeOH containing 15% KOH for 30 min at 80°C. Non-
saponifiable lipids were extracted twice with 1 mL of light
petroleum and separated on silica gel plates (Merck) using n-
hexane/ethyl acetate (85:15; vol/vol) as a developing solvent
and authentic standards of ergosterol, lanosterol, dioxi-
dosqualene, oxidosqualene, and squalene. Radioactivity in
separated bands was measured using a System 2000 Imaging
Scanner (Hewlett-Packard). 

RESULTS

Effects of umbelliferone aminoalkyl derivatives on OSC from
S. cerevisiae. In the presence of these compounds, we deter-
mined the OSC activity of the homogenate prepared from the
wild-type yeast strain. Results (Table 1) are compared with
those we obtained previously (13) with recombinant SHC of
A. acidocaldarius, a bacterial counterpart of eukaryotic OSC.
The majority of these derivatives proved less effective than
they were on SHC. On yeast OSC, the most active inhibitors
(IC50 1–3 µM) were compounds 3, 8, and 9, all of them bear-
ing an allylmethylamino group.

Effects of umbelliferone aminoalkyl derivatives on recom-
binant OSC from T. cruzi and P. carinii. Homogenates, pre-
pared (see Enzyme assays section) from yeast strains express-
ing OSC from T. cruzi and P. carinii, were about as active as
those prepared from the wild-type strain FL100 (18). As
shown in Table 1, only compounds 8 and 9, both bearing a
flexible chain with a terminal allylmethylamino group, had

good inhibitory activity (IC50 4 µM) on T. cruzi OSC. On the
other hand, the majority of the listed compounds were active
on the P. carinii enzyme, some of them with IC50 values rang-
ing from 0.1 to 1 µM. On the whole, these compounds proved
to be from 20- to 200-fold more active on the P. carinii than
on the T. cruzi enzyme. Kinetic analysis was carried out on
the T. cruzi enzyme only for compound 7, which we consider
as representative of the whole series. The double-reciprocal
Lineweaver–Burk plot gave evidence of competitive inhibi-
tion (Fig. 2). 

Effects of umbelliferone aminoalkyl derivatives on sterol
biosynthesis in spheroplasts. Recognizing that inhibitors
would enter yeast spheroplasts (cells deprived of cell wall)
more easily than intact cells, and that spheroplasts would rep-
resent a better model than intact yeast cells for a eukaryote
such as T. cruzi that is devoid of cell walls, we incubated
spheroplasts from the above-mentioned yeast strains with ra-
diolabeled acetate in the presence of inhibitors. A recombi-
nant strain expressing the OSC of S. cerevisiae was also used
to control the effect of genetic manipulation on the integrity
of the sterol biochemical pathway. Comparison of wild-type
FL100 and SMY8[pSM61.21] strains (Table 2), both express-
ing the S. cerevisiae OSC, showed that spheroplasts from both
strains can make sterols, although in spheroplasts from the re-
combinant strain, the biosynthetic pathway seemed to run
more slowly, as indicated by a higher squalene/sterols ratio in
the nonsaponifiable extract. Because spheroplasts from
SMY8[pBJ1.21] and SMY8[pBJ4.21], expressing T. cruzi
and P. carinii OSC, respectively, behaved like those from
SMY8[pSM61.21], expressing yeast OSC (Table 2), we could
confirm that OSC genes from T. cruzi and P. carinii perfectly
complemented the yeast OSC (12), in the spheroplast back-
ground as well. Results obtained with inhibitors 8 and 9
(Table 2) confirmed that P. carinii OSC was more susceptible
to umbelliferone aminoalkyl derivatives. In fact, spheroplasts
from the yeast strain expressing P. carinii OSC, when treated
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TABLE 1
Effect of Umbelliferone Derivatives on the Activities of Squalene-Hopene Cyclase (SHC) and Oxidosqualene
Cyclase (OSC)

IC50 (µM)a

SHCb OSC OSC OSC
Alicyclobacillus Saccharomyces cerevisiae Trypanosoma Pneumocystis

Compound acidocaldarius cerevisiae cruzi carinii

1 5.23 10.28 106.28 0.52
2 4.92 20.35 72.66 1.85
3 0.75 3.42 >100 1.12
4 7.35 30.67 102.38 5.35
5 6.28 102.82 95.83 78.76
6 8.17 31.54 >100 2.48
7 7.15 6.03 25.43 1.04
8 2.10 3.21 4.14 0.18
9 4.48 1.04 4.06 0.15
aValues are the means of two separate experiments, each with duplicate incubations. The maximal deviations from the
mean were less than 10%. 
bData from Ref. 13.



with compound 8 (1 µM), incorporated more label into the
oxidosqualene fraction than those from the T. cruzi yeast
strain treated with 10 times more inhibitor (21.04 and 17.72%
of radioactivity found in the nonsaponifiable lipids, respec-
tively).

DISCUSSION

Nine 7-aminoalkylumbelliferone derivatives, previously
found to be active on recombinant SHC from A. acidocaldar-
ius (13), were tested as inhibitors of OSC from S. cerevisiae,
T. cruzi, and P. carinii. They all shared a basic structure con-
sisting of a coumarin nucleus bearing a side chain with a ter-
minal tertiary amino function. The kind of amino group, the
flexibility of the chain, and the unsaturation of the chain all
influenced the inhibitory activity very strongly, a result we
had not found with SHC (13). Among these inhibitors, OSC
from T. cruzi was the most sensitive to structural differences.
Fairly good activity was shown only by compounds 8 and 9,
in which a flexible carbon chain bore a terminal allylmethyl-
amino group. Interestingly, the same group is present in the
well-known cholesterol-lowering agent RO048871 (4), as
well as in other orally active nonterpenoid OSC inhibitors (8).
Compound 7, having a simple dimethylamino group at the
end of a flexible chain, was less effective (Table 1). A quick
kinetic study with the T. cruzi enzyme showed that compound
7 behaved as a competitive inhibitor (Fig. 2). The higher sus-
ceptibility of the T. cruzi enzyme to structural differences be-
tween inhibitors may depend on an architectural feature of the
active site of the enzyme. Joubert et al. (17), in a comparative
study on OSC, recently provided indirect evidence of this spe-
cial feature by identifying a critical residue in a conserved
motif of oxidosqualene-lanosterol synthases. This residue
(position 384, S. cerevisiae numbering), which is tyrosine in
T. cruzi and T. brucei OSC and threonine in animal and fun-
gal OSC, has been recognized as catalytically important in a
mutagenesis study (17). We can speculate that a bulky tyro-
sine residue sitting close to the active site could hinder the ac-

cess of coumarin derivatives, and as a consequence, deriva-
tives bearing a flexible linear chain would enter more easily.
Of course, it is not possible to predict structural interactions
between inhibitors and enzyme reliably until the tridimen-
sional structure of the enzyme is elucidated. 

Although OSC from S. cerevisiae and, especially, from P.
carinii were less sensitive to structural differences among the
inhibitors, compounds 8 and 9 proved to be the most active
for all three enzymes. With the exception of  5, which showed
a uniformly poor activity, all our compounds were more ef-
fective on yeast and P. carinii enzymes than on the T. cruzi
enzyme. The difference was particularly marked between P.
carinii and T. cruzi: Compound 1, one of the most active on
the former enzyme (IC50 0.52 µM), was almost inactive on
the latter (IC50 106 µM). Interestingly, the greatest difference
between P. carinii and T. cruzi enzymes was observed with 1,
2, and 3, compounds that bear a rigid triple-bond-containing
chain. This may confirm the suggested crucial difference in
the architecture of the active site. An interesting, structurally
dependent difference was observed between two of the weak-
est inhibitors of the series, the morpholino derivatives 4 and
5. Compound 4, bearing a longer chain, was more active on
S. cerevisiae and, especially, on P. carinii OSC. The different
susceptibilities of P. carinii and T. cruzi OSC toward this fam-
ily of inhibitors were also confirmed by our experiments with
spheroplasts incubated with radiolabeled acetate.

Molecular recognition between the inhibitor and enzyme
might not fully account for the different responses to inhibitors
observed in the present work. In a recent study (18) on the sub-
cellular distribution of Arabidosis thaliana, T. cruzi, and P.
carinii OSC expressed in yeast, we reported that whereas the
first two enzymes were bound to lipid particles, as was the
yeast enzyme (24), none of the third enzyme was found in this
fraction (18). One might argue that a different subcellular dis-
tribution of the enzymes could actually affect delivery of the
inhibitors to target enzymes, enough to account for the differ-
ent results we obtained with the aforementioned yeast strains.
A clarification of this point can only come from experiments
with purified enzymes, which are not available at this time. 

A similar consideration arises from comparison of the pres-
ent tests with previous ones carried out with the same umbel-
liferone derivatives on SHC from A. acidocaldarius (13).
Although the interaction between these inhibitors and eukary-
otic cyclases appears to be strongly dependent on the size and
shape of their aminoalkyl moieties, inhibitory potencies to-
ward SHC were not. This discrepancy probably results from
a different architecture of the active site cavity, which in OSC
seems to be more spatially restricted than in SHC (26). The
study of interactions between inhibitors and OSC should de-
rive great advantage from modeling studies based on compar-
isons between SHC and OSC (25,26), especially after SHC
has been cocrystallized, for the first time, with a substrate-
like inhibitor (27). However, the great leap forward in this
field will occur only when the crystal structure of the first eu-
karyotic OSC is solved. 

In conclusion, the present results prove that 7-aminoalky-
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FIG. 2. Lineweaver–Burk analysis of the inhibition of Trypanosoma
cruzi OSC by compound 7. Oxidosqualene cyclase activity of the ho-
mogenate was determined over a range of oxidosqualene concentra-
tions, in the absence (uu) or in the presence of compound 7 at 10 µM
(ss) or 50 µM (nn). Error bars indicate the standard errors.

                                                                                                                    



lumbelliferone derivatives are a promising family from which
effective OSC inhibitors can be selected, particularly for the
development of novel antiparasitic agents. As an added note,
while the present work was under review, the structure of
human OSC was published (28). This outstanding achieve-
ment, which represents a milestone in the field of oxidosqua-
lene cyclase research, will give great impetus not only to the
design of inhibitors that may act as cholesterol-lowering
drugs but also in the development of novel antiparasitic
agents. From now on, architectural differences in the active
sites of target enzymes will be easier to predict from molecu-
lar modeling studies, as these can now take their bearings
from the established structure of a eukaryotic OSC. 
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ABSTRACT: Using chiral-phase HPLC, we determined the stereo-
chemical configuration of the phosphatidylglycerols (PtdGro)
synthesized in vitro from 1,2-diacyl-sn-glycero-3-phospho-
choline (PtdCho, R configuration) or 1,2-diacyl-sn-glycero-3-
phosphoethanolamine (PtdEtn, R configuration) and glycerol by
transphosphatidylation with bacterial phospholipase D (PLD).
The results obtained with PLD preparations from three Strepto-
myces strains (S. septatus TH-2, S. halstedii K5, and S. halstedii
subsp. scabies K6) and one Actinomadura species were com-
pared with those obtained using cabbage and peanut PLD. The
reaction was carried out at 30°C in a biphasic system consisting
of diethyl ether and acetate buffer. The resulting PtdGro were
then converted into bis(3,5-dinitrophenylurethane) derivatives,
which were separated on an (R)-1-(1-naphthyl)ethylamine poly-
mer. In contrast to the cabbage and peanut PLD, which gave
equimolar mixtures of the R,S and R,R diastereomers, as previ-
ously established, the bacterial PLD yielded diastereomixtures
of 30–40% 1,2-diacyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S
configuration) and 60–70% 1,2-diacyl-sn-glycero-3-phospho-3’-
sn-glycerol (R,R configuration). The highest disproportionation
was found for the Streptomyces K6 species. The present study
demonstrates that bacterial PLD-catalyzed transphosphatidylation pro-
ceeds to a considerable extent stereoselectively to produce PtdGro
from PtdCho or PtdEtn and prochiral glycerol, indicating a pref-
erence for the sn-3’ position of the glycerol molecule. 

Paper no. L9480 in Lipids 39, 1013–1018 (October 2004).

Phospholipase D (PLD, EC 3.1.4.4) catalyzes hydrolysis of the
terminal phosphodiester bond of phospholipids to produce
phosphatidic acid (PtdOH) and alcohols. PLD also catalyzes
transphosphatidylation, which can produce new phospholipids
with polar head groups modified in the presence of alcohols
(1–4). Thus, by using PLD, less-abundant natural phospho-
lipids such as phosphatidylethanolamine (PtdEtn), phos-

phatidylglycerol (PtdGro), and phosphatidylserine can be eas-
ily amplified, and unnatural phospholipids can be prepared
from a naturally abundant phosphatidylcholine (PtdCho) (5–7). 

PLD-catalyzed transphosphatidylation is usually carried out
in water–organic solvent emulsion systems, and the yield of
products depends on the enzyme sources, the nature of the al-
cohols, and the reaction conditions. Most primary alcohols
serve as good acceptors in the reaction; secondary alcohols
react less effectively than primary alcohols (2,3,6,7). Thus, the
two primary hydroxy groups of glycerol react readily with Ptd-
Cho to produce two PtdGro diastereomers (Fig. 1). Using
chemical and enzymatic methods, Yang et al. (1) first reported
that PtdGro generated from natural PtdCho (1,2-diacyl-sn-
glycero-3-phosphocholine, R configuration) with cabbage PLD
was an equimolar mixture of 1,2-diacyl-sn-glycero-3-phospho-
1′-sn-glycerol (sn-3,sn-1; R,S configuration) and 1,2-diacyl-sn-
glycero-3-phospho-3′-sn-glycerol (sn-3,sn-3′; R,R configura-
tion). Using circular dichroism, on the other hand, Batrakov et
al. (8) reported that the PtdGro generated from egg yolk Ptd-
Cho with cabbage PLD was a 100% naturally occurring R,S
isomer. To resolve these conflicting experimental results, Joutti
and Renkonen (9) reexamined them and concluded that the
configuration of PtdGro prepared from egg yolk PtdCho with
cabbage PLD was a 1:1 mixture of the R,S and R,R isomers.
They demonstrated that only 50% of the PtdGro was hy-
drolyzed with phospholipase C, and that the released glyc-
erophosphate had the sn-1 configuration, as determined using
sn-glycero-3-phosphate dehydrogenase. Thus, the PLD-cat-
alyzed transphosphatidylation reaction was shown to produce
the R,S and R,R isomers nonstereoselectively. Using chiral-
phase HPLC, however, Itabashi and Kuksis (10) reported that
some commercially available PtdGro did not contain the antici-
pated equimolar mixture of R,S and R,R isomers (10), suggesting
some stereoselectivity of PLD used in their preparation as well
as a possible influence of substrate acyl groups. These observa-
tions prompted us to examine the configuration of the Ptd-Gro
synthesized by transphosphatidylation with PLD from differ-
ent origins. For this purpose, we examined several PLD
preparations from Actinomycetes (Streptomyces septatus TH-
2, St. halstedii K5, S. halstedii subsp. scabies K6, and Actino-
madura sp.), and cabbage and peanuts. The Streptomyces
strains had been isolated from soil and yielded PLD preparations
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with high transphosphatidylation activity (11–13). These PLD
enzymes belong to the superfamily of the HKD-PLD, and their
primary structures show approximately 70% identity to each
other (13). 

MATERIALS AND METHODS

PLD. Commercially available PLD from Actinomadura sp. (50
U/mg solid), cabbage leaves (0.29 U/mg solid), and peanut
seeds (44 U/mg solid) were obtained from Seikagaku Kogyo
(Tokyo, Japan), Fluka (Buchs, Switzerland), and Sigma (St.
Louis, MO), respectively. One unit of the enzyme activities has
been described in their catalogs as the amount that hydrolyzes
1 µmol PtdCho per min at pH 5.5 (50°C), 5.6 (37°C), and 5.5
(30°C), respectively. PLD from S. septatus TH-2 (3.3 U/mL),
S. halstedii K5 (5.3 U/mL), and S. halstedii subsp. scabies K6
(3.2 U/mL), which were isolated from soils, were purified to
homogeneity from culture supernatants for transphosphatidyla-
tion, as described in a previous paper (13). One unit of the ac-
tivities of these bacterial PLD was defined as the amount that
released 1 µmol of p-nitrophenol from phosphatidyl-p-nitro-
phenol per minute at pH 7.5 (37°C) (14).

Chemicals. Synthetic 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (14:0–14:0 GroPCho), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (16:0–16:0 GroPCho), and 1,2-distearoyl-sn-
glycero-3-phosphocholine (18:0–18:0 GroPCho) were
obtained from Sigma. Synthetic 1,2-dioleoyl-sn-glycero-3-
phosphocholine (18:1–18:1 GroPCho) and 1,2-dilinoleoyl-sn-
glycero-3-phosphocholine (18:2–18:2 GroPCho), and 1,2-di-

oleoyl-sn-glycero-3-phosphoethanolamine (18:1–18:1 GroPEtn)
were obtained from Avanti Polar Lipids (Alabaster, AL). Egg
yolk PtdCho was a product of Q.P. (Tokyo, Japan). Salmon (On-
corhynchus keta) roe PtdCho was isolated from the total lipids
by silicic acid TLC as described previously (15). Glycerol was
obtained from Nacalai Tesque (Kyoto, Japan). HPLC-grade
solvents (hexane, dichloro-methane, and methanol) were ob-
tained from Wako Pure Chemicals (Osaka, Japan). 3,5-Dinitro-
phenyl isocyanate was a product of Sumika Analysis Service
(Osaka, Japan). All other chemicals and solvents were of
reagent grade or better and were also obtained from Wako Pure
Chemicals.

Transphosphatidylation. PtdGro was prepared according to
the method described by Yang et al. (1). In brief, a mixture con-
taining 5 mg of PtdCho or PtdEtn, 1 mL of 0.4 M acetate buffer
(pH 5.6), 1 mL of 0.2 M CaCl2, 1 mL of glycerol/0.4 M acetate
buffer (1:4, vol/vol), and 2 mL of water was pre-incubated in
the absence of PLD at 30°C for 10 min. The reaction was initi-
ated by the addition of a suitable amount of buffered enzyme
(Streptomyces TH-2, 0.033 U; Streptomyces K5, 0.053 U;
Streptomyces K6, 0.032 U) and 2.5 mL of diethyl ether, and the
mixture was stirred vigorously at 30°C for 1 to 9 h. After the
reaction was terminated by the addition of 0.5 mL of 1 N HCl,
the products were extracted with 10 mL of chloroform/
methanol (2:1, vol/vol) and recovered from the chloroform
layer formed by centrifuging at 1,500 × g for 5 min. To iden-
tify the lipid components, an aliquot of the reaction products
was spotted on a TLC plate (Silica gel 60 F254; Merck, Darm-
stadt, Germany) and developed with chloroform/methanol/
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FIG. 1. Phospholipase D-catalyzed transphosphatidylation of 1,2-diacyl-sn-glycero-3-phosphocholine (R configuration) to phosphatidylglycerol.
PLD, phospholipase D; GroPCho, glycerophosphocholine; PtdGro, phosphatidylglycerol; sn-3,sn-1’, 1,2-diacyl-sn-glycero-3-phospho-1’-sn-glyc-
erol (R,S configuration); sn-3,sn-3’, 1,2-diacyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).

 



acetic acid (70:30:8, by vol). Spots were detected by spraying
with the Dittmer–Lester reagent (16). Quantitative analysis was
carried out with a TLC-FID analyzer (Iatroscan TH10; Iatron,
Tokyo, Japan) according to the method described by Juneja et al.
(17), with a slight modification of the mobile phase. The samples
(5 µL each) dissolved in chloroform (1 mg/0.1 mL) were spotted
on Chromarod S-III quartz rods coated with silica gel (Iatron) and
developed with chloroform/acetone/ methanol/formic acid/water
(65:25:10:1:2, by vol).

Preparation of derivatives. The PtdGro produced was con-
verted into bis(3,5-dinitrophenylurethane) (bis-DNPU) derivatives
without prior isolation from the reaction products as described
by Itabashi and Kuksis (10) with a slight modification. To the
transphosphatidylation products (less than 1 mg) dissolved in 1
mL of dry toluene were added 5 mg of 3,5-dinitrophenyl iso-
cyanate and 20 µL of dry pyridine, and the solution was stirred
gently at 30°C. After 3 h, the solvent was evaporated to dryness,
and the resulting bis-DNPU derivatives were purified by TLC
(Silica gel 60 F254, 20 × 20 cm), using chloroform/methanol/
water (40:10:1, by vol) as the developing solvent. Bands were
visualized under UV irradiation, and the bis-DNPU deriva-
tives were extracted three times with chloroform/methanol/
acetic acid (20:10:0.1, by vol). The solution was washed once
with water/30% ammonium hydroxide (3:1, vol/vol), then
dried over sodium sulfate, and the solvent was evaporated to
dryness.

Chiral-phase HPLC. The diastereomer composition of Ptd-
Gro obtained by transphosphatidylation was determined by
chiral-phase HPLC (10). The separation was performed on a
Shimadzu LC-6A liquid chromatograph (Shimadzu, Kyoto,
Japan) equipped with an (R)-1-(1-naphthyl)ethylamine column
(YMC-Pack A-K03, 25 cm × 4.6 mm i.d.; YMC, Kyoto,
Japan). The analysis was done isocratically at 10°C using
hexane/dichloromethane/methanol/trifluoroacetic acid (60:20:
20:0.2, by vol) as the mobile phase at a flow rate of 1 mL/min.
Several microliters of the purified bis-DNPU derivatives dis-
solved in dichloromethane (1 mg/mL) was injected on the col-
umn through a Rheodyne Model 7125 loop (20 µL) injector.
Peaks were monitored at 254 nm UV with a Shimadzu SPD-6A
variable-wavelength detector having an 8-µL flow cell, and chro-
matograms were recorded on a Shimadzu Chromatopac C-R3A.

RESULTS AND DISCUSSION

Transphosphatidylation. The progress of the PLD-catalyzed
transphosphatidylation reaction was monitored on a thin-layer
chromatograph with FID. The composition of the reaction
products obtained with PLD from Streptomyces and Actino-
madura is given in Table 1. Most of the PtdCho were trans-
formed into PtdGro and PtdOH after 1–1.5 h of reaction. Of the
four bacterial PLD examined, Actinomadura PLD gave the
highest yield of PtdGro (95%), whereas the lowest one (64%)
was observed for Streptomyces TH-2 PLD, which produced
36% PtdOH. With PLD from Streptomyces TH-2 and K5, the
PtdOH contents increased greatly as the reaction time elapsed,
i.e., accounting for 86 and 46% of the total phospholipids, re-
spectively, after 9 h of reaction (Table 1). This phenomenon
suggests that the resulting PtdGro was hydrolyzed to PtdOH
during the transphosphatidylation reaction. As described next,
the diastereomer composition of PtdGro produced with some
bacterial PLD changes somewhat with the progress of
transphosphatidylation. In this study, therefore, the configura-
tion of PtdGro was determined in the early stage of the reac-
tion, as soon as the parent PtdCho had disappeared.

Configuration of PtdGro. Figure 2 shows the typical HPLC
chromatograms of the bis-DNPU derivatives of PtdGro gener-
ated from PtdCho (R configuration) and glycerol by transphos-
phatidylation with Streptomyces TH-2 PLD. The derivatives
were clearly separated into the two diastereomers showing dif-
ferent proportions on the A-K03 column. The broad peaks of
PtdGro obtained from salmon roe PtdCho, which was mainly
composed of 18:1–20:5 GroPCho (5%), 16:0–20:5 GroPCho
(19%), 16:0–22:6 GroPCho (23%), 16:0–22:5 GroPCho (6%),
18:0–20:5 GroPCho (7%), and 18:0–22:6 GroPCho (11%)
(15), were due to differences in retention times of the different
molecular species of PtdGro on the chiral column (10). Similar
chromatograms were obtained for all the PtdGro analyzed. 

Figure 3 shows the time course of diastereomer formation
during preparation from PtdCho and glycerol by transphos-
phatidylation with PLD from Streptomyces and Actinomadura.
The proportions of the R,R isomers generated with PLD from
Streptomyces TH-2, Streptomyces K5, and Actinomadura sp.
decreased gradually with time, showing a drop from 62, 66, and
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TABLE 1
Composition (peak area%) of Phosphatidylglycerol (PtdGro) and Phosphatidic Acid (PtdOH) Prepared from Egg
Yolk Phosphatidylcholine (PtdCho) and Glycerol by a Bacterial Phospholipase D (PLD)-Catalyzed Reactiona

PLD Reaction time (h) PtdGro PtdOH PtdCho

Streptomyces septatus TH-2 1.5 63.7 34.1 2.2
9.0 14.1 85.9 Traceb

S. halstedii K5 1.5 78.9 17.3 3.8
9.0 54.2 45.8 Trace

S. halstedii subsp. scabies K6 1.5 90.4 7.2 2.5
9.0 80.6 19.4 Trace

Actinomadura sp. 1.0 94.8 0 5.2
9.0 98.5 1.5 Trace

aUnreacted substrate.
bTrace (less than 0.1%).



66% after 0.5 h of reaction to 50, 54, and 59% after 9 h of re-
action, respectively. These time-dependent changes of the di-
astereomer compositions demonstrate that the R,R isomer pro-
duced by transphosphatidylation was hydrolyzed to PtdOH
faster than the R,S isomer; that is, the bacterial PLD would also
have greater stereoselectivity toward the sn-3′ position than to-
ward the sn-1′ position of the glycerol moiety of PtdGro in the
hydrolysis reaction. The proportion of the two isomers changed
most significantly for Streptomyces TH-2 PLD, with the high-
est hydrolytic activity, whereas Streptomyces K6 PLD, with a
lower hydrolytic activity, showed almost constant values
within the reaction times employed (0–9 h), giving a mixture
of 65% R,R and 35% R,S.

Table 2 summarizes the diastereomer compositions of Ptd-
Gro prepared by bacterial PLD-catalyzed transphosphatidyla-
tion from PtdCho having different acyl groups. The data clearly

show an excess amount of the R,R isomer, which occupied 60
to 70% of the total PtdGro. The maximum proportion of the
R,R isomer (74.0%) was observed for PtdGro generated from
14:0–14:0 GroPCho with Streptomyces K6 PLD, whereas the
minimum proportion (59.4%) was obtained for PtdGro synthe-
sized from 18:2–18:2 GroPCho with Streptomyces K5 PLD.
These observations suggest that the number of double bonds
and the carbon numbers of the alkyl chains may slightly affect
the introduction of a second chiral center in the free glycerol
moiety, in addition to the 1,2-diacyl-sn-glycero-3-phosphate
group having a chiral center (R configuration) (10). However,
the proportions of the R,R isomer (30–40% R,S and 60–70%
R,R) generated from salmon roe PtdCho and egg yolk PtdCho
with Streptomyces and Actinomadura PLD were low compared
with those prepared from synthetic PtdCho using the same PLD
enzymes (Table 2). These results suggest that the molecular
species containing polyunsaturated acyl groups (e.g., 20:5 and
22:6) of the PtdCho used as the substrates had little effect on the
proportions of the R,R and R,S isomers of newly synthesized
PtdGro. The diastereomer compositions of PtdGro prepared
from PtdEtn were also almost the same as those from PtdCho
(Table 2), showing no effect of the head group of phospholipids
on the stereoselectivity of bacterial PLD.

Table 3 gives the diastereomer compositions of PtdGro pre-
pared from PtdCho and glycerol by transphosphatidylation with
PLD from cabbage and peanuts. In contrast to the bacterial PLD,
cabbage and peanut PLD produced a 1:1 mixture of the R,R and
R,S diastereomers from PtdCho having different acyl groups, al-
though a slight excess of the R,R isomer was observed for
18:0–18:0 glycerophosphoglycerol (GroPGro) (cabbage PLD)
and 18:2–18:2 GroPGro (peanut PLD). A slight excess of the
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FIG. 2. Chiral-phase HPLC profiles of the bis(3,5-dinitrophenyl-urethane)
derivatives of the PtdGro generated from 1,2-diacyl-sn-glycero-3-phos-
phocholine (R configuration) and glycerol by transphosphatidylation with
PLD from Streptomyces septatus TH-2. (A) PtdGro generated from syn-
thetic 1,2-dioleoyl-sn-glycero-3-phosphocholine (R configuration); (B) Ptd-
Gro generated from salmon roe phosphatidylcholine (PtdCho). HPLC
conditions as given in text. For other abbreviations see Figure 1.

FIG. 3. Time course of alteration in the configuration of PtdGro gener-
ated from egg yolk PtdCho and glycerol by transphosphatidylation with
bacterial PLD. s, u, l, and n represent sn-3,sn-3′ (R,R configuration)
generated with PLD from S. septatus TH-2, S. halstedii K5, S. halstedii
subsp. scabies K6, and Actinomadura sp., respectively; ss, uu, ll, and nn
represent the corresponding sn-3,sn-1′ (R,S configuration). For abbrevi-
ations see Figures 1 and 2.

                                                                                                                  



R,R isomer also has been observed for a commercially available
PtdGro, which was produced from egg yolk PtdCho and glyc-
erol with cabbage PLD, showing 55% R,R and 45% R,S (10).
The length of the reaction time had almost no effect on the dia-
stereomer composition produced by the cabbage and peanut
PLD, as shown by comparison of the product ratios at 3–6 h and
15–82 h. The results demonstrate that, unlike the bacterial PLD,
the plant PLD do not discriminate clearly between the two pri-
mary hydroxyl groups of prochiral glycerol, as previously re-
ported by Yang et al. (1), Joutti and Renkonen (9), and Itabashi
and Kuksis (10). The slight excess of the R,R isomer, which was
also observed for a commercially available PtdGro generated
from egg yolk PtdCho and glycerol with cabbage PLD (10), sug-
gests that the stereoselectivity is slightly influenced by the acyl
groups of PtdCho. Further investigation on the effect of the acyl
groups on the stereoselectivity of PLD is now in progress. 

The reasons for the difference in the stereospecificity of the
plant and bacterial PLD are not immediately obvious. Both are

believed to belong to the PLD superfamily, which is character-
ized by the highly conserved HKD motif. Several bacterial
PLD from Streptomyces have been sequenced. PLD from S.
halstedii, S. septatus, and the Streptomyces sp. PMF strain have
shown significant sequence similarity and similar enzymatic
properties including high transphosphatidylation activity, high
optimal reaction temperatures, and Ca2+-independent activity
(12,18). In contrast, the PLD from S. chromofuscus is Ca2+-de-
pendent and has very little sequence homology (19) with other
Streptomyces PLD enzymes. The primary amino acid sequence
of S. chromofuscus PLD (20,21) exhibits no HKD motif. Al-
though the plant PLD also require micromolar Ca2+ for activa-
tion, they posses the HKD motifs (22) and that the conserved
histidine, lysine, and aspartate residues are believed to form a
catalytic triad responsible for the formation of phosphodiester
bonds. The cabbage PLD exists as two isozymes, PLD1 and
PLD2, which belong to the alpha-type of plant PLD and have
an overall homology of 96% (23). The PLD2 is labile, but its
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TABLE 2
Diastereomer Composition of the PtdGro Prepared from PtdCho or Phospatidylethanolamine (PtdEtn) and Glycerol by Transphosphatidylation
with Bacterial PLD (mol%)a

S. septatus TH-2 S. halstedii K5 S. halstedii subsp. scabies K6 Actinomadura sp.

Substrate sn-3,sn-3’ sn-3,sn-1’ sn-3,sn-3’ sn-3,sn-1’ sn-3,sn-3’ sn-3,sn-1’ sn-3,sn-3’ sn-3,sn-1’ 
sn-1,2-diacyl (R,R)b (R,S)c (R,R) (R,S) (R,R) (R,S) (R,R) (R,S)

14:0–14:0 GroPCho 65.3 ± 1.4 34.7 ± 1.4 72.6 ± 0.2 27.4 ± 0.2 74.0 ± 0.6 26.0 ± 0.6 65.3 ± 0.9 34.7 ± 0.9
16:0–16:0 GroPCho 65.4 ± 1.0 34.6 ± 1.0 68.7 ± 1.0 31.3 ± 1.0 70.9 ± 0.9 29.1 ± 0.9 63.9 ± 0.4 36.0 ± 0.4
18:0–18:0 GroPCho 64.6 ± 1.0 35.4 ± 1.0 67.6 ± 1.4 32.4 ± 1.4 67.8 ± 0.9 32.2 ± 0.9 64.5 ± 0.5 35.5 ± 0.5
18:1–18:1 GroPCho 63.7 ± 1.1 36.3 ± 1.1 63.5 ± 0.8 36.5 ± 0.8 68.4 ± 0.7 31.6 ± 0.7 61.7 ± 0.5 38.3 ± 0.5
18:1–18:1 GroPEtn 61.7 ± 0.9 38.3 ± 0.9 65.4 ± 0.4 34.6 ± 0.4 70.0 ± 0.4 30.0 ± 0.4 63.5 ± 1.4 36.5 ± 1.4
18:2–18:2 GroPCho 64.5 ± 0.4 35.5 ± 0.4 59.4 ± 0.9 40.6 ± 0.9 65.3 ± 0.5 34.8 ± 0.5 67.4 ± 0.1 32.6 ± 0.1
Egg yolk PtdCho 59.6 ± 1.0 40.4 ± 1.0 61.0 ± 0.3 39.0 ± 0.3 69.6 ± 0.7 30.4 ± 0.7 63.5 ± 0.6 36.5 ± 0.6
Salmon roe PtdCho 62.5 ± 0.4 37.6 ± 0.4 65.7 ± 0.6 34.3 ± 0.6 66.5 ± 0.9 33.5 ± 0.9 60.5 ± 0.3 39.5 ± 0.3
aReactions with PLD from Streptomyces and Actinomadura were carried out at 30°C for 1.5 and 1 h, respectively. Results are expressed as means
(mol%) ± SD of triplicate HPLC analyses. GroPCho, glycerophosphocholine; GroPEtn, glycerophosphoethanolamine; for other abbreviations see
Table 1.
b1,2-diacyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).
c1,2-diacyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration).

TABLE 3
Diastereomer Composition of PtdGro Prepared from PtdCho and Glycerol
by Transphosphatidylation with PLD from Cabbage and Peanuts

Substrate Diastereomer (mol%)a

PLD sn-1,2-diacyl sn-3,sn-3’ (R,R)b sn-3,sn-1’ (R,S)c

Cabbage 14:0–14:0 GroPCho 50.7 ± 1.4 49.3 ± 1.4
16:0–16:0 GroPCho 47.6 ± 0.1 52.4 ± 0.1
18:0–18:0 GroPCho 54.4 ± 0.4 45.6 ± 0.4
18:1–18:1 GroPCho 48.5 ± 0.8 51.5 ± 0.8
18:2–18:2 GroPCho 50.7 ± 0.6 49.3 ± 0.6

Egg yolk PtdCho 51.5 ± 0.6 48.5 ± 0.6

Peanut 16:0–16:0 GroPCho 51.5 ± 0.9 48.5 ± 0.9
18:1–18:1 GroPCho 52.1 ± 0.7 47.9 ± 0.7
18:2–18:2 GroPCho 53.6 ± 0.8 46.4 ± 0.8

aReactions with PLD from cabbage and peanuts were conducted at 30°C within 3–6 h and 15–82 h,
respectively. Results are expressed as means (mol%) ± SD of triplicate HPLC analyses. For abbrevia-
tions see Tables 1 and 2.
b1,2-diacyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).
c1,2-diacyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration).

                                                                                                                                                     



activity can be stabilized by immobilization of appropriate sup-
ports (24). The stereospecificity of the PLD1 and PLD2 from
cabbage has not been separately assessed.

We conclude that bacterial PLD-catalyzed transphos-
phatidylation proceeds stereoselectively to produce the dia-
stereomer mixtures of 30–40% R,S and 60–70% R,R from Ptd-
Cho and glycerol. These asymmetric proportions are distinct
from those obtained by cabbage and peanut PLD, which give
approximately equimolar amounts of the R,S and R,R isomers,
as previously established.
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ABSTRACT: In this study, the effect of temperature on the stere-
oselectivity of phospholipase D (PLD) toward the two primary
hydroxyl groups of glycerol in the transphosphatidylation reaction
of phosphatidylcholine to phosphatidylglycerol (PtdGro) was
investigated. For this purpose, PLD from bacteria (Streptomyces
septatus TH-2, S. halstedii subsp. scabies K6, and Actinomadura
sp.) and cabbage were tested. At the reaction temperatures
employed (0–60°C), the proportions of the two PtdGro diastere-
omers, namely, 1,2-dioleoyl-sn-glycero-3-phospho-3’-sn-glycerol
(R,R configuration) and 1,2-dioleoyl-sn-glycero-3-phospho-1’-sn-
glycerol (R,S configuration), which were produced with PLD
from Streptomyces TH-2 and Actinomadura sp., changed grad-
ually from 50% R,R and 50% R,S at 50–60°C to 70% R,R and
30% R,S at 0°C. These alterations suggested that the stereo-
selectivity of the bacterial PLD toward the two primary hydroxyl
groups of prochiral glycerol was significantly influenced by
reaction temperature. PLD from Streptomyces K6 showed rela-
tively little effect of temperature on stereoselectivity, giving 65–69%
R,R in the temperature range of 60–10°C examined. The plots
of ln ([R,R]/[R,S]) vs. 1/T gave good linear fits for these three
bacterial PLD. No temperature effect was observed for cabbage
PLD, which gave an almost equimolar mixture of the R,R and
R,S diastereomers in the range from 0 to 40°C. The temperature-
dependent change in enantiomeric selectivity of the bacterial
PLD promises potentially profitable commercial exploitation.

Paper no. L9481 in Lipids 39, 1019–1023 (October 2004).

Phospholipase D (PLD) is an enzyme that hydrolyzes the
phosphodiester bond of various phospholipids including
phosphatidylcholine (PtdCho) to form phosphatidic acid and
a nonphosphorylated base. PLD also catalyzes a transphos-
phatidylation reaction in which the phosphatidyl moiety from
phospholipids is transferred to alcohols (1–3). By the latter
reaction, natural 1,2-diacyl-sn-glycero-3-phosphocholine (R
configuration) in the presence of glycerol is readily converted

to a mixture of diastereomeric phosphatidylglycerols (Ptd-
Gro), that is, 1,2-diacyl-sn-glycero-3-phospho-1′-sn-glycerol
(R,S configuration) and 1,2-diacyl-sn-glycero-3-phospho-3′-
sn-glycerol (R,R configuration) (4–6). 

It is well known that the PtdGro prepared from PtdCho (R
configuration) and glycerol by transphosphatidylation with
cabbage PLD is an almost equimolar mixture of the R,S and
R,R diastereomers (4–6). This means that the cabbage PLD
shows no stereoselectivity toward the two primary hydroxyl
groups of prochiral glycerol in the reaction. Hagishita et al.
(7) have recently reported that the extracellular PLD isolated
from microorganisms belonging to Actinomycetes possessed
high transphosphatidylation activity. We have recently found
that the bacterial PLD-catalyzed transphosphatidylation pro-
ceeds stereoselectively to produce a mixture of 30–40% R,S
and 60–70% R,R diastereomers, discriminating to some ex-
tent between the two primary hydroxyl groups of prochiral
glycerol (8). Interestingly, Hatanaka et al. (9) have observed
that PLD enzymes from Streptomyces strains differed signifi-
cantly in their thermostability, with S. halstedii K1 losing its
activity at 45°C. Hatanaka et al. (10) later showed that sub-
stitution of Asp for Glu346 by site-directed mutagenesis
tended to restore the thermostability of the K1 PLD. On the
other hand, Sakai et al. (11,12) have reported a low-tempera-
ture method (−40°C at best) for enhancing enantioselectivity
in lipase-catalyzed kinetic resolutions of some chiral alco-
hols. Other studies have shown that temperature can affect
the enantioslectivity of dehydrogenases and esterases
(13–15). To examine this observation further and to test its
applicability to transphosphatidylation, we determined the ef-
fect of temperature on the course of the stereochemical reac-
tion of several PLD enzymes from Actinomyces and from
cabbage in the range of 0 to 60°C.

MATERIALS AND METHODS

Materials. PLD (S. septatus TH-2, S. halstedii subsp. scabies
K6, Actinomadura sp., and cabbage), 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine, glycerol, 3,5-dinitrophenyl iso-
cyanate, and HPLC-grade solvents (hexane, dichloromethane,
and methanol) were those described previously (8). 
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Preparation, derivatization, and analysis of PtdGro. Ptd-
Gro was generated from PtdCho and glycerol by transphos-
phatidylation with PLD in a biphasic system consisting of di-
ethyl ether and 0.4 M acetate buffer (pH 5.6) using a slight
modification of a previously described procedure (8). Briefly,
the reaction was performed at various temperatures (0–60°C)
with vigorous stirring for 1, 1.5, and 3 h with PLD from
Actinomadura, Streptomyces, and cabbage, respectively. At
the selected reaction times, most of the PtdCho was trans-
formed into PtdGro. The PtdGro was converted into bis(3,5-
dinitrophenylurethane) (bis-DNPU) derivatives, followed by
chiral-phase HPLC on an (R)-1-(1-naphthyl)ethylamine col-
umn (YMC-Pack A-K03, 25 cm × 4.6 mm i.d.; YMC, Kyoto,
Japan) using hexane/dichloromethane/methanol/trifluo-
roacetic acid (60:20:20:0.2, by vol) as the mobile phase at a
flow rate of 1 mL/min (6,8).

RESULTS AND DISCUSSION

Temperature effect. Figure 1 shows the chiral-phase HPLC
profiles of the bis-DNPU derivatives of PtdGro generated
from PtdCho and glycerol by transphosphatidylation at 0 and
60°C with PLD from Streptomyces TH-2. Clear resolution
was observed for the R,R and R,S diastereomers with peak
area ratios of 3:1 (0°C) and 1:1 (60°C), demonstrating a clear
temperature effect on the stereoselectivity toward the two pri-
mary hydroxy groups of prochiral glycerol by the bacterial
PLD. Similar chromatograms were also obtained for PLD
from Streptomyces K6 and Actinomadura sp. Table 1 summa-
rizes the proportions of diastereomers measured in the tem-
perature range from 0 to 60°C using bacterial and cabbage
PLD preparations. The reproducibility of the method was ex-
amined for Streptomyces TH-2 PLD, and the data were ob-
tained within ±1.9 SD on repeated runs. The PtdGro formed
at 60 and 50°C with PLD from Streptomyces TH-2 and Actino-
madura sp., respectively, were comprised of equimolar
amounts of the R,R and R,S isomers, whereas at 30 and 0°C
the PtdGro proportions changed to 6:4 and 7:3 of the R,R and
R,S isomers, respectively. Thus, in the range of 0–60°C, the
proportion of the R,R isomer produced with PLD from Strep-
tomyces TH-2 and Actinomadura sp. increased gradually as
the temperature was lowered. On the other hand, PLD from
Streptomyces K6 showed relatively little effect of tempera-
ture on stereoselectivity, giving 65–69% R,R in the tempera-
ture range of 60–10°C. The highest diastereomer excess
(43.2%) was obtained at 0°C with PLD from Actinomadura
sp., and an inversion of the configurational preference oc-
curred at 50°C (Table 1). Pure stereoisomers also were not
obtained when the Actinomadura enzyme was tested in the
temperature range of 0 to −30°C using anhydrous organic sol-
vents (16). A 3:7 mixture of the R,S and R,R isomers was
recovered at −30°C. These results clearly show that the reac-
tion temperature significantly affected the stereoselectivity of
the three bacterial PLD used in this study. This finding is in
agreement with the thermodynamics of the reaction (see fol-
lowing discussion), which suggests that lowering the temper-

ature increases the enantioselectivity so long as the reaction
is carried out below the racemic temperature (13). In contrast,
cabbage PLD gave an almost equimolar mixture of the R,S
and R,R isomers in the range of 0 to 40°C (Table 2), indicat-
ing no significant effect on the stereoselectivity of this en-
zyme. 

Thermodynamic parameters. To confirm that the tempera-
ture effects were real, we examined the thermodynamic param-
eters of the reaction using the Eyring equation. This equation
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FIG. 1. Chiral-phase HPLC profiles of the bis(3,5-dinitrophenylurethane)
derivatives of the phosphatidylglycerols generated from 1,2-dioleoyl-
sn-glycero-3-phosphocholine and glycerol by transphosphatidylation
with phospholipase D (PLD) from Streptomyces septatus TH-2, (A) 0°C;
(B) 60°C. sn-3,sn-1′,1,2-dioleoyl-sn-glycero-3-phospho-1′-sn-glycerol
(R,S configuration); sn-3,sn-3′, 1,2-dioleoyl-sn-glycero-3-phospho-3′-
sn-glycerol (R,R configuration). Column temperature, 10°C; detection,
254 nm UV. Other HPLC conditions are as given in the text.



is derived from the transition-state theory (13) as shown in Equa-
tion 1: 

k = [(kBT)/h]exp[−∆G‡/(RT)]
= [(kBT)/h]exp[(∆S‡/R) – (∆H‡/R)(1/T)] [1]

where k, kB, h, ∆G‡, ∆S‡, and ∆H‡ are the reaction rate con-
stant, the Boltzmann constant, the Plank constant, the free en-
ergy of activation, the entropy of activation, and the enthalpy
of activation, respectively. PLD-catalyzed transphosphatidyla-
tion toward the two primary hydroxyl groups at the sn-1′ and
sn-3′ positions of glycerol on the basis of the Eyring equation
(Eq. 1) can be defined as shown in Equations 2 and 3:

kR,S = [(kBT)/h]exp[(∆S‡
R,S /R) − (∆H‡

R,S /R)(1/T)] [2]
kR,R = [(kBT)/h]exp[(∆S‡

R,R/R) − (∆H‡
R,R /R)(1/T)] [3]

Combining Equations 2 and 3 leads to Equation 4:

ln(kR,R/kR,S) = (∆∆S‡
R,R-R,S/R) − [∆∆H‡

R,R-R,S /(RT)] [4]

On the other hand, the stereochemical purity of a chiral substance
is often evaluated by the E value (11,12,14,15,17), meaning the
enantiospecificity ratio. Defining E as the diastereospecificity ratio
for the R,R and R,S diastereomers, it is expressed as Equation 5:

kR,R/kR,S = [R,R]/[R,S] [5]

If the reverse reactions of diastereomer formation are negligible,
the E value is approximately equal to the ratio of the rate con-
stant as

E = kR,R /kR,S [6]

Equations 4–6 lead to

ln E = ln ([R,R]/[R,S]) = (∆∆S‡
R,R-R,S /R)

− [∆∆H‡
R,R-R,S /(RT)] [7]

Equation 7 describes a plot of ln E vs. 1/T that yields a
straight line. 

TEMPERATURE EFFECT ON STEREOSELECTIVITY OF PHOSPHOLIPASE D 1021

Lipids, Vol. 39, no. 10 (2004)

TABLE 1
Effect of Temperature on the Stereoselectivity of Bacterial Phospholipase D Toward Glycerol
in the Transphosphatidylation of Phosphatidylcholine to Phosphatidylglycerol

Diastereomer (mol%) Diastereomer 

Phospholipase D Temperature (°C) sn-3,sn-3’ (R,R)a sn-3,sn-1’ (R,S)b excessc (%)

Streptomyces septatus TH-2 0 66.4 33.6 32.8 (R,R)
10 62.8 37.2 25.6 (R,R)
30 57.9 42.1 15.8 (R,R)
50 54.3 45.7 8.6 (R,R)
60 52.0 48.0 4.0 (R,R)

S. halstedii subsp. scabies K6 10 69.0 31.0 38.1 (R,R)
20 68.6 31.4 37.1 (R,R)
30 67.7 32.3 35.4 (R,R)
60 64.8 35.2 29.6 (R,R)

Actinomadura sp. 0 71.6 28.4 43.2 (R,R)
10 64.3 35.7 28.7 (R,R)
30 58.6 41.4 17.1 (R,R)
50 48.4 51.6 2.6 (R,S)

Cabbage 0 48.3 51.7 3.4 (R,S)
20 52.4 47.6 4.8 (R,R)
40 50.6 49.4 1.2 (R,R)

a1,2-dioleoyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).
b1,2-dioleoyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration).
cDiastereomer excess (%) = {([R,S] − [R,R])/([R,S] + [R,R])} × 100, where [R,S] and [R,R] denote the composition of the R,S
and R,R diastereomers, respectively.

TABLE 2
Effect of Temperature on the Stereoselectivity of Cabbage Phospholipase D Toward Glycerol
in the Transphosphatidylation of Phosphatidylcholine to Phosphatidylglycerol

Diastereomer (mol%)

Temperature (°C) sn-3,sn-3’ (R,R)a sn-3,sn-1’ (R,S)b Diastereomer excessc (%)

0 48.3 51.7 3.4 (R,S)
20 52.4 47.6 4.8 (R,R)
40 50.6 49.4 1.2 (R,R)
a1,2-dioleoyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).
b1,2-dioleoyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration).
cDiastereomer excess (%) = {([R,S] − [R,R])/([R,S] + [R,R])} × 100, where [R,S] and [R,R] denote the composition of the R,S
and R,R diastereomers, respectively.



The plots of ln E vs. 1/T for the PtdGro diastereomers pro-
duced by bacterial PLD-catalyzed transphosphatidylation are
shown in Figure 2. Good linear relationships were obtained
for all the PLD examined. The differential free energy of ac-
tivation (∆∆G‡) (13) can be given by Equation 8, where ∆∆H‡

and ∆∆S‡ denote the differences in activation enthalpy and
entropy, respectively:

∆∆G‡ = −RT ln E = ∆∆H‡ − T∆∆S‡ [8]

When no diastereomeric discrimination in the formation of
the R,S and R,R isomers occurs, E = 1; hence, ∆∆G‡ = 0.
Equation 8 then results in Equation 9, and the reaction tem-
perature refers to the racemic temperature, Tr (13):

Tr = ∆∆H‡/∆∆S‡ [9]

Table 3 gives ∆∆H‡
R,R-R,S, ∆∆S‡

R,R-R,S, and Tr for the forma-
tion of the R,R and R,S isomers by PLD-catalyzed transphos-
phatidylation, as determined from the corresponding ln E vs.
1/T plots shown in Figure 2. 

Mechanism of reaction. Sakai et al. (11) remarked that
∆∆H‡ originated from the difference in the steric interactions

operating between the enantiomers in the transition state. The
high selectivity of PLD from Actinomadura sp. toward glyc-
erol caused the large negative difference in ∆∆H‡

R,R-R,S,
whereas the low selectivity of PLD from Streptomyces K6
arose from the smaller negative values in ∆∆H‡

R,R-R,S. The
negative ∆∆S‡ values indicate that the R,R isomer is more
tightly bound to the enzyme in the transition state than is the
R,S isomer. This is presumably due to favorable van der
Waals interactions and hydrogen bonding between the R,R
isomer and the amino acid side chains lining the binding sites
in the complex (13,15). 

Leiros et al. (18) have determined the tertiary structure of
PLD from Streptomyces sp. strain PMF. The enzyme was
found to consist of 18 α helices and 17 β sheets, with the
overall structure being an α-β-α-β-α-sandwich configuration.
The active site is made up of two identical sequence repeats
of an HKD motif, positioned around an approximately two-
fold axis. The reaction proceeds via a phosphohistidine inter-
mediate and identifies a catalytic water molecule positioned
for an apical attack on the phosphorus, consistent with an as-
sociative in-line phosphoryl transfer reaction. Hatanaka et al.
(10) have discussed the nature of the amino acid residues crit-
ical for the thermostability of PLD, but the selectivity of in-
teraction of specific amino acid residues with the chiral or
prochiral glycerolipid derivatives has not been established. 

Since the E value decreases with increasing temperatures
at temperatures above Tr (13), the R,S isomer should be pro-
duced in excess over the R,R isomer at temperatures above
the Tr values. On the other hand, at temperatures below Tr,
the E value increases with a decrease in temperature (13). In
this study, the E value was maximal at 0°C, the lowest tem-
perature employed, and the R,R isomer was produced pre-
dominantly over the R,S isomer. These results suggest that the
stereoselectivity of the bacterial PLD toward the two primary
hydroxyl groups of glycerol is temperature-predictive in the
range of 0–60°C examined. PLD from Streptomyces K6 ex-
hibited a much higher Tr value than that of PLD from Strep-
tomyces TH-2 and Actinomadura sp. The ∆∆H‡ and ∆∆S‡ val-
ues of Streptomyces K6 PLD were also higher than those ob-
served for PLD from Streptomyces TH-2 and Actinomadura
sp. These results show that Streptomyces K6 PLD has a high
stereoselectivity over a wide range of reaction temperatures.
The stereoselectivity of Actinomadura PLD was markedly in-
fluenced by temperature, as indicated by the lowest values of

1022 R. SATO ET AL.

Lipids, Vol. 39, no. 10 (2004)

FIG. 2. Plots of ln ([R,R]/[R,S]) vs. 1/T for bacterial PLD-catalyzed
transphosphatidylation of phosphatidylcholine to phosphatidylglycerol.
The lines shown were obtained by linear regression fitting of the data
from Table 1. The 1/T (K−1) values of the two intersection points of the
straight lines were 3.4 × 10−3 (25°C) and 3.6 × 10−3 (3°C). (u) PLD from
S. septatus TH-2; (n) PLD from S. halstedii subsp. scabies K6; (ss) PLD
from Actinomadura sp. For abbreviation see Figure 1.

TABLE 3
Thermodynamic Parameters and Racemic Temperature of Bacterial Phospholipase D Toward
Glycerol in the Transphosphatidylation of Phosphatidylcholine to Phosphatidylglycerola

Phospholipase D

S. septatus TH-2 S. halstedii subsp. scabies K6 Actinomadura sp.

∆∆H‡
R,R-R,S (kcal/mol) −1.8 −0.7 −3.2

∆∆S‡
R,R-R,S (cal/deg·mol) −5.1 −1.0 −10.1

Tr (°C) 70.6 466.9 46.9
a∆∆H‡

R,R-R,S , difference of activation enthalpy; ∆∆S‡
R,R-R,S , difference of activation entropy; Tr ,

racemic temperature.

                                                                                                                                                                                                                                                       



∆∆H‡ and ∆∆S‡ in the three bacterial PLD employed, al-
though the highest stereoselectivity (72% R,R) was observed
at temperatures below 3°C. On the other hand, the selectivity
of Streptomyces TH-2 PLD was intermediate between that of
PLD from Streptomyces K6 and Actinomadura sp.

Significance of the study. PtdGro is widely distributed in
plants, animals, and bacteria, and is known to have a single
R,S configuration (19). Using chiral-phase HPLC, however,
Itabashi and Kuksis (6) and Fujishima et al. (20) have recently
found that PtdGro from some bacteria, including Escherichia
coli, contain a nonnegligible amount of the R,R isomer. The dif-
ferences between the R,S and R,R isomers in the physical and
biochemical properties and physiological functions are un-
known. Thus, pure R,S and R,R isomers are necessary to deter-
mine the biological significance of the PtdGro diastereomers.
Although chemical methods for preparing these diastereomers
have been established (21,22), the products are not commer-
cially available. The present study shows that the proportion of
R,R isomers is significantly increased by conducting the reac-
tion below the racemic temperature, but that a pure R,R isomer
was not obtained with the enzymes tested. Since the bacterial
PLD enzymes exhibit significant differences in reactivity, it is
possible that a species or mutant may be found that exhibits
higher temperature-dependent enantioselectivity. The present
work suggests that it might be difficult to obtain pure R,R iso-
mers even if much lower temperatures were applied. Likewise,
pure R,S isomers are unlikely to be obtained even if mutant
PLD of increased thermostability became available. Neverthe-
less, the study indicates that preparing glycerophospholipids
of high enantiomeric excess by transphosphatidylation and
by manipulating the reaction temperature is feasible.
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ABSTRACT: A simple method for synthesizing diastereomerically
pure phosphatidylglycerols (PtdGro), namely, 1,2-diacyl-sn-glyc-
ero-3-phospho-3’-sn-glycerol (R,R configuration) and 1,2-diacyl-
sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration), was es-
tablished. For this purpose, diastereomeric 1,2-O-isopropylidene
PtdGro were prepared from 1,2-diacyl-sn-glycero-3-phospho-
choline (PtdCho) and enantiomeric 1,2-O-isopropylideneglycerols
by transphosphatidylation with phospholipase D (PLD) from Ac-
tinomadura sp. This species was selected because of its higher
transphosphatidylation activity and lower phosphatidic acid
(PtdOH) formation than PLD from some Streptomyces species
tested. The reaction proceeded well, giving almost no hydrolysis of
PtdCho to PtdOH in a biphasic system consisting of diethyl ether
and acetate buffer at 30°C. The isopropylidene protective group
was removed by heating the diastereomeric isopropylidene PtdGro
at 100°C in trimethyl borate in the presence of boric acid to obtain
the desired PtdGro diastereomers. The purities of the products,
which were determined by chiral-phase HPLC, were exclusively
dependent on the optical purities of the original isopropylidene-
glycerols used. The present method is simple and can be utilized
for the synthesis of pure PtdGro diastereomers having saturated and
unsaturated acyl chains.

Paper no. L9482 in Lipids 39, 1025–1030 (October 2004).

Phosphatidylglycerol (PtdGro) is known to be widely distrib-
uted in animals, plants, and microorganisms (1), where it plays
important roles as one of the acidic polyglycerophospholipids
(2–4). The structure of naturally occurring PtdGro may be 1,2-
diacyl-sn-glycero-3-phospho-1′-sn-glycerol (sn-3,sn-1′, R,S
configuration) (1,5–7). However, Itabashi and Kuksis (8) and
Fujishima et al. (9) have recently found that PtdGro from some
bacteria, including Escherichia coli, contain a nonnegligible
amount of 1,2-diacyl-sn-glycero-3-phospho-3′-sn-glycerol
(sn-3,sn-3′, R,R configuration). Y. Itabashi, H. Fujishima, and
A. Kuksis (unpublished results) also have found that the content
of the R,R isomer in E. coli PtdGro increases with increasing
growth temperature. This observation suggests that the bac-

terium adapts to temperature by alternating not only the degree
of unsaturation but also the stereoisomer composition of Ptd-
Gro. To clarify the differences in biochemical properties and
physiological functions between the R,S and R,R diastereomers
in bacteria, we concerned ourselves with the synthesis of the pure
PtdGro diastereomers, which are not commercially available.

Although the enantiomeric and diastereomeric PtdGro can
be synthesized chemically via several steps involving phos-
phorylation of enantiomeric DAG (10,11), in this study we
investigated a simpler enzymatic method using phospholipase
D (PLD). PLD catalyzes transphosphatidylation in which the
phosphatidyl moiety of substrate phospholipids is transferred
to acceptor alcohols to produce phosphatidyl alcohols
(12,13). Thus, 1,2-diacyl-sn-glycero-3-phosphocholine (R
configuration) in the presence of glycerol is readily converted
into PtdGro, which is a mixture of the R,R and R,S diastereo-
mers (8,14–16). In this study, to obtain diastereomerically
pure R,R and R,S PtdGro, we used enantiomerically pure 1,2-
and 2,3-O-isopropylidene-sn-glycerols instead of glycerol,
which are the general intermediates for the synthesis of chiral
glycerolipids (17,18). The sequence of reactions used is
shown in Figure 1. D’Arrigo et al. (16) reported a similar en-
zymatic method for obtaining the diastereomeric PtdGro from
phosphatidylcholine (PtdCho) and isopropylideneglycerols
by transphosphatidylation using PLD from Streptomyces
species; the diastereomeric nature of the products was implied
from the starting materials (1,2- and 2,3-O-isopropylidene-
sn-glycerols), which were not enantiomerically characterized
or their source indicated. The previous paper (16) claims that
the two PtdGro diastereomers could be easily differentiated
from their 1H NMR spectra. However, there is no indication
of which particular feature of the 1H NMR spectra of the Ptd-
Gro diastereomers permits the degree of purity of either dia-
stereomer to be established, chiral-shift reagents were not
used. In the present study, we established the enantiomeric
purities of the starting materials (1,2- and 2,3-O-isopropyli-
dene-sn-glycerols) and the diastereomeric purities of the
products (R,R and R,S PtdGro) using chiral-phase HPLC
(8,19). In addition, we selected PLD from Actinomadura sp.
because of its higher transphophatidylation activity and lower
phosphatidic acid formation when compared with the Strepto-
myces species tested (20). 
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MATERIALS AND METHODS

Materials. PLD from Actinomadura sp. (Seikagaku Kogyo,
Tokyo, Japan) was used for transphosphatidylation. (+)-1,2-
O-Isopropylidene-sn-glycerol (S configuration) and (−)-2,3-
O-isopropylidene-sn-glycerol (R configuration) were ob-
tained from Sigma (St. Louis, MO) and Tokyo Kasei Kogyo
(Tokyo, Japan), respectively. The optical purities of these
enantiomers were determined as 98.6% (enantiomeric excess,
e.e.) and 86.2% (e.e.), respectively, by chiral-phase HPLC
(19). 1,2-O-Isopropylidene-rac-glycerol was a product of
Tokyo Kasei Kogyo. Pure 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (16:0–16:0) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (18:1–18:1) were obtained from Sigma and
Avanti Polar Lipids (Alabaster, AL), respectively. Fresh
salmon (Oncorhynchus keta) roe was purchased at a fish mar-
ket in Hakodate, and the PtdCho fraction was isolated from the
total lipids by TLC as described previously (21). The major mo-
lecular species of the roe PtdCho were as follows: 16:0–22:6
(23%), 16:0–20:5 (19%), 16:0–22:5 (6%), 18:0–22:6 (11%),
18:0–20:5 (7%), and 18:1–20:5 (5%). Trimethyl borate and
boric acid were obtained from Aldrich (Milwaukee, WI) and
Kanto Kagaku (Tokyo, Japan), respectively. HPLC-grade sol-
vents (hexane, dichloromethane, methanol, and trifluoroacetic
acid) were obtained from Wako Pure Chemicals (Osaka, Japan).
All other chemicals and solvents were of analytical grade or
better from commercial sources.

Preparation of diastereomeric isopropylidene PtdGro. 1,2-
Diacyl-sn-glycero-3-phospho-1′,2′-O-isopropylidene-sn-glyc-

erol (R,R configuration) was prepared from PtdCho and 1,2-O-
isopropylidene-sn-glycerol by PLD-catalyzed transphosphatidyl-
ation (Fig. 1), whereas 1,2-diacyl-sn-glycero-3-phospho-2′,3′-
O-isopropylidene-sn-glycerol (R,S configuration) was prepared
by using enantiomeric 2,3-O-isopropylidene-sn-glycerol instead
of 1,2-O-isopropylidene-sn-glycerol. The transphosphatidyla-
tion reaction was carried out according to the procedures de-
scribed previously (20). Briefly, a mixture containing 10 mg of
PtdCho, 1.9 mL of 0.4 M acetate buffer (pH 5.6), 1 mL of 0.2 M
CaCl2, 0.1 mL of 1,2- or 2,3-O-isopropylidene-sn-glycerol/0.4
M acetate buffer (1:4, vol/vol), and 2 mL of water was preincu-
bated at 30°C for 10 min, and the buffered PLD preparation (0.4
M acetate buffer, pH 5.6) from Actinomadura sp. (1.25 U) was
then added. The reaction was initiated by the addition of 2.5 mL
of diethyl ether and performed at 30°C for 1.5 h with stirring.
The progress of the reaction was monitored by TLC on Silica gel
60F254 (Merck, Darmstadt, Germany) using chloroform/
methanol/water (65:25:4, by vol) as the developing solvent. The
reaction was stopped by the addition of 10 mL of chloro-
form/methanol (2:1, vol/vol). After centrifugation for 5 min, the
lower phase was collected and dehydrated under anhydrous
sodium sulfate. The lipids were obtained by evaporating the sol-
vent under a stream of nitrogen.

Preparation of diastereomeric PtdGro. To the isopropyli-
dene PtdGro diastereomers (ca. 10 mg each ) dissolved in 1.5
mL of trimethyl borate was added 80 mg of boric acid, and
the mixture was heated at 100°C for 2.5 h. After the solvent
was evaporated under a stream of nitrogen, the reaction mix-
ture was dissolved in 6 mL of chloroform/methanol (2:1,
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FIG. 1. Synthesis of a diastereomerically pure phosphatidylglycerol using phospholipase D (PLD)-catalyzed transphosphatidylation. PtdCho, phos-
phatidylcholine (1,2-diacyl-sn-glycero-3-phosphocholine, R configuration); IPG, isopropylideneglycerol (1,2-O-isopropylidene-sn-glycerol, S con-
figuration); IPPG, isopropylidene phosphatidylglycerol (1,2-diacyl-sn-glycero-3-phospho-1′,2′-O-isopropylidene-sn-glycerol, R,R, configuration);
PtdGro, phosphatidylglycerol (1,2-diacyl-sn-glycero-3-phospho-3′-sn-glycerol, R,R, configuration).

 



vol/vol), then washed with 1 mL of distilled water. The sus-
pension formed was centrifuged at 1500 × g for 5 min, and
the resulting chloroform layer was recovered and dried over
anhydrous sodium sulfate. After the solvent was evaporated,
the crude PtdGro were purified by preparative TLC on a Sil-
ica gel 60F254 plate (Merck) using chloroform/methanol/
water (65:25:4, by vol) as the developing solvent. The Ptd-
Gro band was detected by spraying with 0.2% 2′,7′-dichloro-
fluorescein ethanol and extracted from the adsorbent with
three portions of chloroform/methanol/acetic acid (20:10:1,
by vol). The purified PtdGro showed single spots on analyti-
cal TLC using the same solvent system as described above
and the Dittmer–Lester reagent for detection (22).

MS. Aliquots of the transphosphatidylation products were an-
alyzed by electrospray ionization MS (ESI-MS) in the negative
ion mode on a LCQ mass spectrometer to confirm product iden-
tities. Samples dissolved in chloroform/methanol (2:1, vol/vol,
ca. 10 µg/mL) were introduced directly into the ESI probe by
flow injection (3 µL/min). The heated capillary temperature was
200°C, and the spray voltage was 4.2 kV. The nitrogen sheath
gas was set at 30 arb (arbitrary units) by the software. Mass spec-
tra were taken in the mass range of 150–2000 m/z.

Chiral-phase HPLC. To determine the purities of the R,R
and R,S diastereomers, the resulting PtdGro were converted
to bis(3,5-dinitrophenylurethane) (bis-DNPU) derivatives and
analyzed by chiral-phase HPLC on an (R)-1-(1-naphthyl)eth-
ylamine column (YMC A-K03, 25 cm × 4.6 mm i.d.; YMC,
Kyoto, Japan) using hexane/dichloromethane/methanol/tri-
fluoroacetic acid (60:20:20:0.2, by vol) as the mobile phase
at a flow rate of 1 mL/min (8,20). 

RESULTS AND DISCUSSION

Synthesis of diastereomeric isopropylidene PtdGro. PLD-cat-
alyzed transphosphatidylation has usually been carried out in
a biphasic system containing water and an organic solvent
such as diethyl ether or ethyl acetate (12–16,23), although the
reaction also has been tried in anhydrous organic solvents
(24,25). Organic solvents play an important role by dissolv-
ing the PtdCho and preserving the modified phospholipid. A
serious drawback of the biphasic reaction system containing
water is the possibility of undesirable PLD-catalyzed hydrol-
ysis of PtdCho, which would lower the yield of PtdGro. How-
ever, in this study, almost no PtdOH was detected in the reac-
tion products by TLC and MS. Figure 2 shows the negative
ESI-MS spectra of the 1,2-dipalmitoyl-sn-glycero-3-phos-
pho-1′,2′-O-isopropylidene-sn-glycerol generated from 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (R configuration)
and 1,2-O-isopropylidene-sn-glycerol by PLD-catalyzed
transphosphatidylation. In the negative ion mode, isopropyli-
dene PtdGro (R,R configuration) gave a prominent singly
charged [M − H]− ion (m/z 763), but no fragment ions show-
ing PtdOH were seen in the spectrum. A similar simple spec-
trum was also observed for 1,2-dipalmitoyl-sn-glycero-3-
phospho-2′,3′-O-isopropylidene-sn-glycerol, which was gen-
erated using 2,3-O-isopropylidene-sn-glycerol instead of

1,2-O-isopropylidene-sn-glycerol (spectrum not shown). No
PtdOH was observed in the reaction products on TLC. These re-
sults demonstrate that the transphosphatidylation reaction with
PLD from Actinomadura sp. proceeds without the hydrolysis of
PtdCho to produce isopropylidene PtdGro. This is probably due
to the high transphosphatidylation activity of Actinomadura
PLD and the physicochemical properties of isopropylidene-
glycerol as an accepter in the reaction. The high transphos-
phatidylation activity of Actinomadura PLD also has been
observed for the synthesis of PtdGro from PtdCho and glyc-
erol (20).

Preparation of diastereomeric PtdGro. The isopropylidene
group was easily removed by heating at 100°C in the pres-
ence of boric acid and trimethyl borate as established previ-
ously (17,18). Like the R,R isomer of isopropylidene PtdGro,
the R,R isomer of PtdGro also gave a simple ESI-MS spec-
trum, showing a prominent singly charged [M − H]− ion (m/z
722) and a weak [M + K]− ion (m/z 763) for 16:0–16:0 (Fig.
2B). A similar spectrum also was observed for the R,S isomer
(spectrum not shown). Figures 3 and 4 show the chiral-phase
HPLC profiles of the bis-DNPU derivatives of PtdGro syn-
thesized from PtdCho and enantiomeric and racemic 1,2-O-
isopropylideneglycerols. Under the conditions employed (8),
PtdGro produced from PtdCho and racemic 1,2-O-isopropy-
lideneglycerol were clearly resolved into the R,R and R,S dia-
stereomers and had almost the same peak areas (Figs. 3C,
4C). These chromatograms showed that no racemization oc-
curred during the removal of the protective isopropylidene
group and that the purity of each R,R and R,S isomer could be
measured accurately. 

The partially resolved and broad peaks seen in the chro-
matograms of salmon roe PtdGro (Fig. 4) are due to the shifts
of retention times of different molecular species including
polyunsaturated ones. Itabashi and Kuksis (8) previously
showed that the bis-DNPU derivatives of synthetic PtdGro
were eluted in the order of increasing double bonds and de-
creasing carbon numbers on chiral-phase HPLC under the
same conditions as those used in this study. The small peaks
appearing ahead of or behind the major ones (Figs. 3A, 3B;
Figs. 4A, 4B) arise from small amounts of enantiomers con-
tained in the original 1,2- and 2,3-O-isopropylideneglycerols,
the optical purities of which were 99% (e.e.) and 86% (e.e.),
respectively (19). Accordingly, the purities (diastereomer ex-
cess) of the R,S and R,R diastereomers of saturated and unsat-
urated PtdGro obtained in this study were 85–91% and
96–98%, respectively (Table 1). The overall yield of the reac-
tion was about 65%. Losses were mainly due to incomplete
recoveries of the isopropylidene PtdGro and PtdGro from the
adsorbent on silicic acid TLC. 

Comparison of the methods. This study emphasizes the dia-
stereomeric purity of the products produced by PLD-catalyzed
transphosphatidylation. Only recently has it become possible to
establish the diastereomeric nature of the transphosphatidylation
products of various PLD enzymes and to characterize their re-
laxed substrate specificity (20,26). In an earlier study (16), the dia-
stereomeric nature of the products was implied from the starting
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materials (isopropylideneglycerols), which were not enantio-
merically characterized or their source indicated. In the present
study, the enantiomeric purities of the commercially available
1,2- and 2,3-O-isopropylidene-sn-glycerols were established
as 99 and 86%, respectively, by chiral-phase HPLC (19). Until
now, adequate methods did not exist for establishing the purity
of enantiomeric isopropylideneglycerols or for their resolution.
In the earlier study (16), the PtdGro were hydrolyzed in aqueous
methanol in the presence of toluene-p-sulfonic acid. It has been
well established that removal of the protective isopropylidene
groups by acid hydrolysis involves some acyl migration, which
is difficult to control. A much more effective method of remov-
ing the isopropylidene groups involves refluxing with trimethyl-

borate in the presence of boric acid, which results in replacing
the isopropylidine groups with trimethylborate groups. The lat-
ter are readily removed by hydrolysis in water at room tempera-
ture without altering the structure (17,18,27,28), as shown in this
study.

In conclusion, this study establishes a method for preparing
diastereomerically pure PtdGro by PLD-catalyzed transphos-
phatidylation. The reaction of PtdCho with enantiomeric 1,2-O-
isopropylideneglycerols using Actinomadura PLD was shown to
proceed efficiently, giving isopropylidene PtdGro under mild
conditions and high yield. The isopropylidene protective group
was decomposed chemically using boric acid and trimethylborate
to produce the desired PtdGro diastereomers without racemiza-
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FIG. 2. Negative electrospray ionization (ESI)-MS spectra of (A) 1,2-dipalmitoyl-sn-glycero-3-
phospho-1′,2′-O-isopropylidene-sn-glycerol (R,R configuration) and (B) 1,2-dipalmitoyl-sn-
glycero-3-phospho-3′-sn-glycerol (R,R, configuration) generated from 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (R configuration) and 1,2-O-isopropylidene-sn-glycerol (S configura-
tion) by PLD-catalyzed transphosphatidylation. ESI-MS conditions are as given in the text.



tion. The present method is simple and can be utilized for the
synthesis of diastereomerically pure saturated and unsaturated
PtdGro.
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TABLE 1
Diastereomer Composition of Phosphatidylglycerols Synthesized from Phosphatidylcholine and 1,2-O-Isopropylideneglycerols
by Transphosphatidylation with Phospholipase D from Actinomadura sp.

Diastereomer (mol%) Diastereomer 

Phosphatidylcholinea 1,2-O-Isopropylideneglycerol sn-3,sn-3’ (R,R)b sn-3,sn-1’ (R,S)c excess (%)d

16:0–16:0 rac-1,2- 48.3 51.7 3.4 (R,S)
16:0–16:0 sn-1,2- (S) 98.1 1.9 96.2 (R,R)
16:0–16:0 sn-2,3- (R) 7.6 92.4 84.8 (R,S)
18:1–18:1 rac-1,2- 51.8 48.2 3.6 (R,R)
18:1–18:1 sn-1,2- (S) 98.3 1.7 96.6 (R,R)
18:1–18:1 sn-2,3- (R) 5.3 94.7 89.4 (R,S)
Salmon roe rac-1,2- 49.5 50.5 1.0 (R,S)
Salmon roe sn-1,2- (S) 98.8 1.2 97.6 (R,R)
Salmon roe sn-2,3- (R) 4.5 95.5 91.0 (R,S)
a1,2-Diacyl-sn-glycero-3-phosphocholine (R configuration).
b1,2-Diacyl-sn-glycero-3-phospho-3’-sn-glycerol (R,R configuration).
c1,2-Diacyl-sn-glycero-3-phospho-1’-sn-glycerol (R,S configuration).
dDiastereomer excess (%) = {([R,S] − [R,R])/([R,S] + [R,R])} × 100, where [R,S] and [R,R] denote the composition of the R,S and R,R diastereomers, respec-
tively.



ABSTRACT: Previous reports showed that vitamin E in palm
oil consists of various isomers of tocopherols and tocotrienols
[α-tocopherol (α-T), α-tocotrienol, γ-tocopherol, γ-tocotrienol,
and δ-tocotrienol), and this is normally analyzed using silica
column HPLC with fluorescence detection. In this study, an
HPLC-fluorescence method using a C30 silica stationary phase
was developed to separate and analyze the vitamin E isomers
present in palm oil. In addition, an α-tocomonoenol (α-T1) iso-
mer was quantified and characterized by MS and NMR. α-T1
constitutes about 3–4% (40 ± 5 ppm) of vitamin E in crude palm
oil (CPO) and is found in the phytonutrient concentrate (350 ±
10 ppm) from palm oil, whereas its concentration in palm fiber
oil (PFO) is about 11% (430 ± 6 ppm). The relative content of
each individual vitamin E isomer before and after interesterifi-
cation/transesterification of CPO to CPO methyl esters, followed
by vacuum distillation of CPO methyl esters to yield the residue,
remained the same except for α-T and γ-T3. Whereas α-T con-
stitutes about 36% of the total vitamin E in CPO, it is present at
a level of 10% in the phytonutrient concentrate. On the other
hand, the composition of γ-T3 increases from 31% in CPO to
60% in the phytonutrient concentrate. Vitamin is present at
1160 ± 43 ppm, and its concentrations in PFO and the phy-
tonutrient concentrate are 4,040 ± 41 and 13,780 ± 65 ppm,
respectively. The separation and quantification of α-T1 in palm
oil will lead to more in-depth knowledge of the occurrence of
vitamin E in palm oil.

Paper no. L9502 in Lipids 39, 1031–1035 (October 2004).

The presence of vitamin E in palm oil has been known since
the early 1980s (1,2), when palm oil was found to contain not
only tocopherols but also tocotrienols. In fact, palm oil is the
richest source of tocotrienols among all vegetable oils, with
the only other tocotrienol-containing vegetable oil being rice
bran oil (3). Vitamin E is present in crude palm oil (CPO) and
residual oil from palm pressed fiber (PFO) at concentrations
of about 600–1000 and 2000–4000 ppm, respectively (1,2).
The vitamin E isomers that are present in palm oil include α-
tocopherol (α-T), α-tocotrienol (α-T3), γ-tocotrienol (γ-T3),
and δ-tocotrienol (δ-T3). 

Vitamin E is a family of potent antioxidative compounds
(4), and has also been suggested to be an anticancer agent
(5–8). Some in vitro and in vivo studies have found that to-
cotrienol is a more potent antioxidant, and in vivo that it is a
more effective anticancer agent than the tocopherols (9–11).
This property of tocotrienols is believed to be related to the
presence of an unsaturated side chain, which can more easily
be  incorporated into cells. The tocopherols nevertheless still
possess potent antioxidant and anticancer properties in ani-
mal models of chemical-induced carcinogenesis.

Tocopherols differ from tocotrienols in that there are three
double bonds in the side chain of the tocotrienols. There is a
possibility that vitamin E isomers with only one or two dou-
ble bonds in the side chain are present in palm oil. 

A vitamin E isomer with a monounsaturated side chain has
been detected in marine organisms. This compound was ex-
tracted from the lipophilic fraction of chum salmon eggs (12)
and from the tissues of a variety of fish (13). Japanese work-
ers reported the presence of another α-tocomonoenol (α-T1)
in palm oil (14), and Drotleff and Ternes (15) reported its oc-
currence in hardened palm oil. This plant-derived isomer of
α-T1 has only a slight structural difference from the marine-
derived one, as shown in Scheme 1. This study is the first to
report on the quantification of tocomonoenol in palm oil.

An investigation of the presence of the tocomonoenol iso-
mers in CPO, PFO, and a phytonutrient concentrate is pre-
sented in this study. (The phytonutrient concentrate is the
residue from the vacuum distillation of CPO methyl esters.)
As the bulk of the esters has been removed from the residue,
the amount of vitamin E in the phytonutrient concentrate is
much higher than in CPO. Since the phytonutrient concen-
trate is derived from CPO, it is anticipated that the patterns of
occurrence of individual vitamin E components in CPO and
the phytonutrient concentrate would be identical. 

In contrast, PFO (i.e., the residual oil extracted from the
fiber that remains after the processing or pressing of the oil
palm fruits) contains vitamin E with a different profile from
that of CPO. In CPO, γ-T3 is the main vitamin E constituent,
whereas α-T is the major vitamin E in PFO (16). 

EXPERIMENTAL PROCEDURES

Materials. Crude palm oil and palm pressed fiber were ob-
tained from the MPOB Experimental Mill in Labu, Negri
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Sembilan, Malaysia. The Phytonutrient concentrate was ob-
tained as the residue from vacuum distillation of CPO methyl
esters. All solvents used were of analytical or chromato-
graphic grade and were purchased from Merck (Darmstadt,
Germany) and J.T.Baker (Phillipsburg, NJ). Solvents for
chromatography were degassed before use. Tocopherol and
tocotrienol standards were purchased from Calbiochem (San
Diego, CA).

Extraction of residual oil from palm pressed fiber. Palm
pressed fiber obtained fresh from the palm oil mill was soaked
overnight in absolute ethanol. The extract was then filtered to sep-
arate the fiber from the solvents. The ethanol in the extract was
distilled off, and the palm pressed fiber oil was dried in vacuo.

HPLC. A Waters 600 Controller equipped with a Waters
996 PDA high-performance liquid chromatograph system
(Milford, MA) was used. The column was a Develosil RP
Aqueous 4.6 mm i.d. × 250 mm length purchased from Phe-
nomenex (Torrance, CA). The mobile phase was 100%
methanol at a flow rate of 1.0 mL/min. Samples were dis-
solved in ethanol prior to injection. NMR spectra of samples

dissolved in CDCl3 (Sigma, St. Louis, MO) were recorded
using a JEOL GSX270 spectrometer.

Sample pretreatment. CPO (5 g) was dissolved in 20 mL
of ethanol and centrifuged for 15 min at 3000 rpm. The su-
pernatant was separated from the sediment, the ethanol in the
supernatant was distilled off, and the sample was redissolved
in 5 mL of ethanol prior to injection into the high-perfor-
mance liquid chromatograph. The same procedures were fol-
lowed using 3 g of palm pressed fiber oil and 1 g of phytonu-
trient concentrate.

RESULTS AND DISCUSSION

Vitamin E isomers were separated from palm oil samples, and
comparison with authentic standards showed that these com-
pounds corresponded to δ-T3, γ-T3, α-T3, and α-T. Figures
1–3 show the HPLC profiles of vitamin E in CPO, PFO, and
the phytonutrient concentrate. An unknown compound was
found to elute between α-T3 and α-T. Mass and NMR spectra
confirmed this compound to be α-T1.

As shown in Scheme 1, α-T1 has the same chroman struc-
ture as α-T and α-T3. Thus, its major mass spectral data are
typical of these tocols with the common tropylium ion of m/z
165. From the mass spectra (Fig. 4), the m/z of the molecular
ion of α-T1 is 428: 2 mass units less than α-T (M+ = 430) and
4 mass units more than α-T3 (M+ = 424). An ion with m/z 69
distinguished α-T3 and α-T1 from α-T. This ion arises from
the fragmentation of the α-T3 isoprenoid side chain or termi-
nal allenic side chain of α-T1. The mass spectral data of α-T
α-T1, and α-T3 are depicted in Table 1.  

α-T1 was distinguishable by means of MS, whereby its
molecular mass and fragmentations showed it to be an α iso-
mer of the tocols with a monounsaturated side chain. NMR
spectra provided further confirmation of the identity of this
compound.
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SCHEME 1

FIG. 1. HPLC profile of vitamin E in crude palm oil. Separation by De-
velosil RP (Phenomenex, Torrance, CA) aqueous column with 100%
methanol. δ-T3, δ-tocotrienol; γ-T3, γ-tocotrienol; α-T3, α-tocotrienol;
α-T1, α-tocomonoenol; α-T, α-tocopherol.
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FIG. 2. HPLC profile of Vitamin E in the phytonutrient concentrate. For
conditions and abbreviations see Figure 1.

FIG. 3. HPLC profile of vitamin E in palm fiber oil. For conditions and
abbreviations see Figure 1.

FIG. 4. Mass spectra of α-tocopherol, α-tocotrienol, and α-tocomonoenol. Major mass spectral data are shown in
Table 1.



The 1H NMR spectrum of α-T1 is also typical of those of
α-T and α-T3, as shown in Figure 5. However, α-T1 is distin-
guishable from α-T by the presence of proton signals in the
aliphatic region of δ 1.68 ppm, which denotes the presence of
two methyl groups attached to a double bond. The proton as-
signments of these three types of α-isomers of the tocols are
shown in Table 2.

Concentrations of vitamin E in CPO, PFO, and the phy-
tonutrient concentrate were calibrated using authentic stan-
dards and are depicted in Tables 3 and 4. The major con-
stituent of vitamin E isomer in CPO and the phytonutrient
concentrate is γ-T3. This is not surprising as the phytonutrient

concentrate was derived from esterification/transesterification
of CPO. On the other hand, the major vitamin E isomer in
PFO is α-T. The newly identified α-T1 constitutes about
3–4% of the total vitamin E in CPO and the phytonutrient
concentrate, whereas its content in PFO is about 11% of the
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FIG. 5. 1H NMR of α-tocopherol, α-tocotrienol, and α-tocomonoenol.
Chemical shifts are shown in Table 2.

TABLE 3
Concentrations (ppm) of Vitamin E in CPO, PFO, and the Phytonutrient Concentratea

Sample α-T α-T1 α-T3 γ-T3 δ-T3 Total

CPO 420 ± 15 40 ± 5 260 ± 10 360 ± 10 80 ± 3 1160 ± 43
PFO 1810 ± 10 430 ± 6 760 ± 5 930 ± 5 110 ± 5 4040 ± 31
Phytonutrient concentrate 1400 ± 20 350 ± 10 2430 ± 10 8320 ± 15 1280 ± 10 13780 ± 65
aCPO, crude palm oil; PFO, palm fiber oil; γ-T3, γ-tocotrienol; δ-T3, δ-tocotrienol; for other abbreviations see Table 1.

TABLE 4
Compositions (%) of Vitamin E in CPO, PFO, and the Phytonutrient Concentratea

Sample α-T α-T1 α-T3 γ-T3 δ-T3

CPO 36 4 22 31 7
PFO 44 11 19 23 3
Phytonutrient concentrate 10 3 18 60 9
aFor abbreviations see Tables 1 and 3.

TABLE 2
1H NMR Spectral Data of α-T, α-T1, and α-T3

a

Proton α-T α-T1 α-T3

3′,7′,11′-CH (olefinic) — — 5.06
11′-CH (olefinic) — 5.12 —
6-OH (phenolic) 4.21 4.22 4.09
4-CH2 2.53 2.60 2.55
5a-CH3 2.08 1.99 2.04
7a-CH3 2.00 1.99 2.04
8a-CH3 2.00 1.99 2.04
1′,2′,5′,6′,9′,10′-CH2 — 1.95 1.99
3-CH2 1.75 1.75 1.75
13′-CH3 — 1.68 1.69
4′a,8′a,12′a-CH3 1.15 — 1.60
2a-CH3 1.17 1.22 1.17
aMeasured in CDCl3. For abbreviations see Table 1.

TABLE 1
Mass Spectral Dataa of α-T, α-T1, and α-T3

Tocols Formula Major MS peaks (m/z)

α-T C29H50O2 430 (M+), 205, 165, 164
α-T1 C29H48O2 428 (M+), 205, 165, 164, 69
α-T3 C29H44O2 424 (M+), 205, 165, 164, 69
aα-T, α-tocopherol; α-T1, α-tocomonoenol; α-T3, α-tocotrienol.



total vitamin E present, which is even higher than the δ-T3
content in PFO. α-T1 has been shown to be present in hard-
ened palm oil, although no data on its concentration are re-
ported (15).

Both the esterification/transesterification process of CPO
and the vacuum distillation of CPO methyl esters permit the
retention of most of the vitamin E except for α-T and γ-T3.
The relative content of α-T in the total vitamin E present
dropped from 36% in CPO to 10% in the phytonutrient con-
centrate. On the other hand, the content of γ-T3 doubled from
31% in CPO to 60% in the phytonutrient concentrate.
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ABSTRACT: A new glucoceramide named pellioniareside (1)
was isolated from the aqueous ethanolic extract of whole plants
of Pellionia repens, together with lupeol (2), uracil (3),
(22E,20S,24R)-5α,8α-epidioxyergosta-6,22-dien-3-β-ol (4), and
daucosterol (5). The structure and relative configurations of pel-
lioniareside were identified as (2S,3S,4R,6E,8E)-1-O-β-D-glu-
copyranosyl-2-[(2R)-2-hydroxytetracosanoylamino]-1,3,4-oc-
tadecanetriol-6,8-diene by analysis of spectral data and by
chemical evidence.

Paper no. L9594 in Lipids 39, 1037–1042 (October 2004).

The genus Pellionia Gaud. (Urticaceae) is distributed over the
tropical regions in Asia (1). Whole plants of P. repens (Lour)
Merr., grown at an altitude of 800–1100 m (2,3), was used to
treat icterus, acute and chronic hepatitis, and allergic dermati-
tis in traditional Chinese medicine (4,5). Previous chemical
studies only lead to the isolation of cholesterol and daucos-
terol from P. scabra (6).

Sphingolipids, a diverse group of lipids, are ubiquitous
constituents of eukaryotic cells and have been intensively in-
vestigated in mammals and yeast for decades (7). Plant glu-
cosylceramides are important structural components of
plasma and vacuole membranes (8). However, the biochem-
istry of sphingolipid in plants has been explored only recently
(7). Significant attention has been paid to the simple sphin-
golipids, particularly ceramide, and glucosylceramide, each
of which appears to be involved in the regulation of specific
aspects of neuronal proliferation, differentiation, survival,
and apoptosis (9,10). Eukaryotic life is characterized by in-
ternal membranes of various components, and sphingolipids
are a small but important part of these membranes. Cell biol-
ogists have recently focused on inherited sphingolipid-stor-
age diseases (11). Glycosphingolipids are implicated in the
pathogenesis of various diseases, including glycosphingolipi-
doses, peripheral neuropathies caused by antiganglioside an-
tibodies, and secretory diarrhea (12).

Here we report the isolation and structure elucidation of
sphingolipid, a new glucoceramide named pellioniareside (1),
together with lupeol (2), uracil (3), (22E,20S,24R)-5α,8α-
epidioxyergosta-6,22-dien-3-β-ol (4), and daucosterol (5).
Their structures and relative configurations were established
by analysis of spectral data and by chemical evidence.

EXPERIMENTAL PROCEDURES

Instrumentation. Melting points were recorded on an X-6 ap-
paratus (Beijing Fukai Science and Technology Co. Ltd., Bei-
jing, People’s Republic of China) and are uncorrected. Opti-
cal rotations were measured with a PerkinElmer 341 auto-
matic polarimeter (Beaconsfield, United Kingdom). IR
spectra were recorded on a PerkinElmer Spectrum One spec-
trometer. NMR spectra [1H, 13C distortionless enhancement
by polarization transfer (DEPT); 1H-1H COSY, (1H-detected)
heteronuclear single-quantum coherence (HSQC); and (1H-
detected) heteronuclear multiple-bond correlation (HMBC)
experiments] were obtained on a Bruker Avance 600 (Bruker,
Rheinstetten, Germany) spectrometer at 600 MHz for 1H
NMR and at 150 MHz for 13C NMR. Chemical shifts (δ) are
given in ppm relative to tetramethylsilane as internal standard
and coupling constants in Hertz (Hz). Electrospray ionization
mass spectra (ESI-MS) were carried on a Finnigan LCQDECA

mass spectrometer. High-resolution atmospheric pressure
chemical ionization mass spectra (HR-APCI-MS) were
obtained on a Bruker FTMS APEX3 mass spectrometer.
Electron impact mass spectra (EI-MS) and high-resolution
electron impact mass spectra (HR-EI-MS) were obtained on
a VG 7070E (70 eV) mass spectrometer. Spots on TLC plates
were visualized by spraying with Dragendorff’s reagent and
by spraying with 8% phosphomolybdic acid/ethanol solution
followed by heating.

Materials. Silica gel for column chromatography (CC)
(200–300 mesh) and for TLC plates (10–40 µm) was pur-
chased from Qingdao Marine Chemical Ltd. (Qingdao, Peo-
ple’s Republic of China). 

Whole plants of P. repens were collected from Xishuang-
banna, Yunnan Province, People’s Republic of China, in Au-
gust 2002 and identified by Professor Jingyun Cui (Xishuang-
banna Tropical Botanical Garden, the Chinese Academy of
Sciences). A voucher specimen (GF-110) is deposited at the
Herbarium of Chengdu Institute of Biology (the Chinese
Academy of Sciences Chengdu 610041, People’s Republic of
China).
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Extraction and isolation. Aliquots of dried and powdered
whole plants (3 kg) were soaked with 95% EtOH (20 L × 3) at
room temperature. After removing solvent under reduced pres-
sure, the residue (100 g) was partitioned between H2O and
EtOAc to provide an ethyl acetate-soluble fraction (32 g),
which was divided into eight fractions (Fr. 1–8) by gradient
elution CC using CHCl3/MeOH (10:0–10:5, vol/vol). Fr. 3 was
subjected to CC with elution by CHCl3/MeOH (20:1, vol/vol)
to yield three subfractions (Fr. 3A–3C). Compound 4 (4 mg)
was obtained from Fr. 3B by CC using cyclohexane/acetone
(6:1, vol/vol). Fr. 3C was separated on CC by elution with pe-
troleum ether (60–90C)/acetone (10:1, vol/vol) to yield lupeol
(2, 30 mg). Daucosterol (5, 408 mg) was precipitated from Fr.
5. The mother liquid of Fr. 5 was further separated on CC with
elution by CHCl3/MeOH (5:1, vol/vol) to yield compound 3 (6
mg). Compound 1 (30 mg) was obtained from Fr. 7 eluted by
CHCl3/MeOH (5:1, vol/vol).

Pellioniareside ((2S,3S,4R,6E,8E)-1-O-β-D-glucopyranosyl-
2-[(2R)-2-hydroxytetracosanoyl amino]-1,3,4-octadecanetriol-
6,8-diene, 1). White powder (CHCl3/MeOH, 5:1, vol/vol). m.p.
212–214°C, [α]20

D +10.0° [c 0.2, CHCl3/MeOH (1:1, vol/vol)].
IR νKBr

max cm−1: 3429 (–OH), 2921, 2852, 1636 and 1541 (C=O of
amide), 1467, 1433, 1113, 1079, 1038, 964, and 720. 1H and 13C
NMR data are given in Table 1. HR-APCI-MS (positive-ion
mode) m/z: 864.6572 (C48H91NO10Na, required for 864.6541,

3.1068 mDa error, 3.5931 ppm error). ESI-MS (positive-ion
mode) m/z (relative intensities, %): 842 ([M + H]+, 30), 680 ([M
+ H − Glc]+, 100, where Glc = glucopyranosyl 384), ([M + H −
Glc − sphingoid moiety]+, 100), 296 ([sphingoid moiety + H]+,
35), 278 ([sphingoid moiety + H − H2O]+, 10), and 260 ([sphin-
goid moiety + H − 2×H2O]+, 5).

Acetylation of 1. Compound 1 (6 mg) was dissolved in 0.3
mL of triethylamine and 0.3 mL of acetic anhydride. The re-
action mixture was stirred at room temperature for 24 h. To
the reaction solution was added 2 mL of water. Ethyl acetate
was introduced to extract the acetylation product (1 mL × 3).
The organic layers were combined and washed with brine and
dried over anhydrous sodium sulfate. The ethyl acetate ex-
tract was subjected to elution on CC by n-hexane/ethyl ace-
tate (5:1, vol/vol) to give 7 mg of its peracetate derivative 1a.

(2S,3S,4R,6E,8E)-1-O-(2,3,4,6-tetra-O-acetyl-β-D-glu-
copyranosyl)-3,4-O-diacetyl-2-[(R)-2-acetoxytetracosanoyl-
amino]-6,8-octadecanediene (1a). White powder. [α]20

D +5.5°
(c 0.2, CHCl3). IR νKBr

max cm−1: 2926, 2856, 1749 (C=O of
ester), 1633 and 1523 (C=O of amide), 1456, 1373, 1235,
1044, and 797. 1H NMR (CDCl3, 600 MHz): δ 6.77 (1H, d, J
= 8.7 Hz, H–NHCO), 5.70 (1H, m), 5.68 (1H, m), 5.40 (1H,
m), 5.39 (1H, m), 5.19 (1H, t, J = 9.6 Hz), 5.13 (3H, m), 5.07
(1H, t, J = 9.6 Hz), 4.90 (1H, dt, J = 9.5, 3.8 Hz), 4.86 (1H,
m), 4.48 (1H, d, J = 8.0 Hz), 4.26 (1H, m), 4.24 (1H, d, J = 4.2

1038 COMMUNICATION

Lipids, Vol. 39, no. 10 (2004)

TABLE 1
NMR Spectral Data of Compound 1 in C5D5N

Position δH
a δC

a,b 1H-1H COSY HMBC (selected)

1 4.69 (1H, dd, J = 10.0, 5.6 Hz) 70.5 (t) H-2 C-2, C-1′′
4.51 (1H, dd, J = 10.0, 6.4 Hz)

2 5.29 (1H, m) 51.9 (d) H-1, H-3
3 4.29 (1H, m) 76.0 (d) H-2, H-4
4 4.22 (1H, m) 72.7 (d) H-3, H-5 C-3, C-6
5 2.04 (1H, m), 1.98 (1H, m) 33.8 (t) H-4, H-6 C-6, C-7
6 6.00 (1H, dt, J = 15.6, 6.4 Hz) 136.3 (d) H-5, H-7 C-4
7 5.79 (1H, dd, J = 15.6, 10.0 Hz) 131.6 (d) H-6, H-8 C-5, C-6
8 5.85 (1H, dd, J = 16.0, 10.0 Hz) 131.1 (d) H-7, H-9 C-7
9 5.80 (1H, dt, J = 16.0, 6.0 Hz) 131.1 (d) H-8, H-10 C-10

10 2.06 (1H, m) 30.3 (t) H-9 C-8, C-9
2.16 (1H, m)

11–17 and 5′–23′ 1.20–1.33 (about 52 H, m) 22.9, 29.6–30.0, 32.1
18 0.86 (3H, t, J = 6.6 Hz) 14.4 (q)
–NH 8.56 (1H, d, J = 8.8 Hz) H-2 C-2, C-1′
1′ 175.8 (s)
2′ 4.56 (1H, dd, J = 7.2, 3.6 Hz) 72.5 (d) H-3′ C-1′, C-4′
3′ 2.18 (1H, m), 1.98 (1H, m) 35.6 (t) H-2′, H-4′
4′ 1.74 (2H, m) 26.0 (t) H-3′
24′ 0.85 (3H, t, J = 6.6 Hz) 14.4 (q)
1′′ 4.93 (1H, d, J = 7.6 Hz) 105.7 (d) H-2′′ C-1, C-3′′
2′′ 3.99 (1H, t, J = 7.2 Hz) 75.2 (d) H-1′′, H-3′′
3′′ 3.85 (1H, brs) 78.6 (d) H-2′′, H-4′′
4′′ 4.22 (1H, m) 71.6 (d) H-3′′, H-5′′
5′′ 4.18 (1H, m) 78.5 (d) H-4′′, H-6′′
6′′ 4.47 (1H, dd, J = 12.0, 4.5 Hz) 62.7 (t) H-5′′ C-5′′

4.32 (1H, dd, J = 12.0, 5.3 Hz)
aSignals were assigned by (1H-detected) heteronuclear single-quantum coherence (HSQC), (1H-detected) heteronuclear
multiple-bond correlation (HMBC), and 1H-1H COSY experiments.
bMultiplicities were determined by distortionless enhancement by polarization transfer (DEPT).



Hz), 4.14 (1H, d, J = 10.4 Hz), 3.86 (1H, brd, J = 11.0 Hz),
3.70 (1H, m), 3.67 (1H, m), 2.09 (3H, s), 2.07 (3H, s), 2.05
(3H, s), 2.04 (3H, s), 2.03 (3H, s), 2.02 (3H, s), 2.00 (3H, s),
1.84 (3H, m), 1.68 (9H, m), 1.26–1.35 (56H, m), and 0.88
(6H, t, J = 7.0 Hz). 13C NMR (CDCl3, 150 MHz): δ 171.0,
170.6, 170.3, 170.2, 170.0, 169.8, 169.4, 169.3, 134.8, 134.7,
128.0, 127.9, 100.4, 74.6, 73.9, 72.7, 71.9, 71.2, 68.1, 66.7,
61.8, 48.1, 34.5, 34.2, 34.1, 32.2, 31.9, 31.8, 31.7, 30.9,
29.2–29.7, 29.0, 25.0, 22.7, 20.96, 20.91, 20.71, 20.68, 20.66,
20.57, 20.54, and 14.1. ESI-MS (positive-ion mode) m/z (rel-
ative intensities, %): 1136 ([M + H]+, 100), 806 ([M + H −
Glc(OAc)4]+, 10), 747 ([M + H − Glc(OAc)4 − OAc]+, 10).

Methanolysis of 1. To 3 mL of 0.9 mol/L HCl in 82% aque-
ous methanol solution was added 8 mg of compound 1. The
mixture was refluxed with stirring for 20 h. The resultant re-
action mixture was extracted with n-hexane (1 mL × 3). The
combined organic layers were washed with brine and dried
over sodium sulfate. Concentration of the n-hexane extract
gave a fatty acid methyl ester (1b), which was purified by elu-
tion with n-hexane/acetone on silica gel CC (5:1, vol/vol).

Methyl (2R)-2-hydroxytetracosanate (1b). White powder.
[α]20

D −4.0° (c 0.1, CHCl3). IR νKBr
max cm−1: 3428 (OH), 2920,

2851, 1741 (C=O of ester), 1467, 1384, 1261, 1098, 802, 751,
and 722. 1H NMR (CDCl3, 600 MHz): δ 4.22 (1H, dd, J = 7.6,
4.2 Hz, H-2), 3.82 (3H, s, H–COOCH3), 2.73 (1H, brs, OH),
1.81 (2H, m, H-3), 1.28 (brs, H-methylenes), and 0.90 (3H, t,
J = 7.1 Hz, terminal methyl). EI-MS m/z (relative intensities,
%): 398 ([M]+, 31), 370 ([M − H2O]+, 4), 339 ([M −
COOCH3]+, 13), 111 (22), 97 (54), 83 (50), 69 (43), 57 (80),
and 43 (100).

2-Acetoamino-1,3,4-triacetoxy-6,8-octadecanediene (1e).
The aqueous methanolic layer of the methanolysis of 1 was
neutralized with saturated sodium bicarbonate, concentrated
to remove methanol, and extracted with ethyl ether. The or-
ganic layer was washed with brine, dried over sodium sulfate,
and concentrated to give a long-chain base (1d), which was
dissolved in 0.5 mL of acetic anhydride and 0.5 mL of tri-
ethylamine. The resultant solution was refluxed for 2 h. To
the reaction mixture was added 2 mL of water and then the
mixture was extracted with ethyl acetate (1 mL × 5). The or-
ganic layer was combined and washed with brine, dried over
sodium sulfate, and then concentrated to give a residue  that
was subjected to CC on silica gel by elution with n-
hexane/acetone (4:1, vol/vol) to yield a peracetate of the long-
chain base (1e, 3 mg) as a white solid. [α] 20

D +9.0° (c 0.1,
CHCl3). IR νKBr

max cm−1: 2947, 2920, 2854, 1740 (C=O of
ester), 1630 (C=O of amide), 1445, 1377, 1347, 1309, 1264,
1200, 1176, 1143, 1098, 1065, 907, 850, and 670. 1H NMR
(CDCl3, 600 MHz): δ 7.20 (1H, d, J = 8.8 Hz, H–NHCO),
5.77 (1H, m), 5.70 (1H, m), 5.55 (1H, m), 5.52 (1H, m), 5.20
(1H, t, J = 9.6 Hz), 4.28 (1H, m), 4.15 (2H, dd, J = 12.6, 5.4
Hz), 3.96 (1H, m), 2.19 (9H, s, 3×OAc), 2.13 (3H, s), 1.60
(2H, m), 1.23–1.31 (18H, m), and 0.88 (3H, t, J = 7.0 Hz).
ESI-MS (negative-ion mode) m/z (relative intensities, %):
437 ([M − H − Ac]−, 10), 396 ([M − 2×Ac]−, 100), 315 ([M –
H – Ac – 2×HOAc]−, 30).

1-O-Methyl-β-D-glucopyranoside (1c). The remaining
water layer was evaporated in vacuo. The residue was then
subjected to silica gel CC by elution with CHCl3/CH3OH/H2O
(7:3:0.5, by vol) to yield 1-O-methyl-β-D-glucopyranoside
(1c). [α] 20

D +78.1° (c 0.016, CH3OH) literature (13) [α] 20
D

+77.3° (c 0.1, CH3OH). ESIMS (positive-ion mode) m/z (rel-
ative intensities, %): 399 ([2M + H]+, 100).

Dimethyl disulfide (DMDS) derivative of compound 1.
Compound 1 (2 mg) was dissolved in 0.2 mL of carbon disul-
fide and 0.2 mL of dimethyl disulfide (DMDS). Iodine (1 mg)
was added to this solution. The reaction mixture was kept at
60°C for 40 h in a small sealed vial. The reaction was
quenched with aqueous sodium thiosulfate, and the reaction
mixture was extracted with n-hexane (0.3 mL). The extract
was concentrated to give a residue that was purified by silica
gel CC with elution by CHCl3/acetone (8.5:1.5, vol/vol) to
give the DMDS derivative (1f) as an amorphous powder. HR-
EI-MS m/z: 187.1528 (C11H23S, required for 187.1520,
0.7863 mDa error, 4.2014 ppm error). 

RESULTS AND DISCUSSION

Compound 1 was obtained as a white powder. The orange
color visualization on TLC with Dragendorff’s reagent and
the quasi-molecular ion peak at m/z 842 ([M + H]+) in the
ESI-MS (positive-ion mode) suggested the presence of an odd
nitrogen atom. The molecular formula C48H91NO10Na was
calculated from the quasi-molecular ion peak at m/z 864.6572
in the HR-APCI-MS (positive-ion mode) of 1. The ion peak
at m/z 680 ([M + H − Glc]+) and the six 13C NMR signals
(Table 1) at δ 105.7 (d), 75.2 (d), 78.5 (d), 71.6 (d), 78.6 (d),
and 62.7 (t) indicated the presence of a glucosyl moiety,
which was confirmed by the product 1-O-methyl-β-D-glu-
copyranoside (1c) from the methanolysis of 1 in 0.9 mol/L
HCl in 82% aqueous methanol solution. The 1H NMR signal
(Table 1) at δ 4.93 (1H, d, J = 7.6 Hz, H-1′′) also suggested it
is β-D-Glc moiety. A secondary amide carbonyl group was
deduced from the IR peaks at 1636 and 1541 cm−1, the 13C
NMR signal (Table 1) at δ 175.8 (s, C-1′), and the 1H NMR
signal (Table 1) at δ 8.56 (1H, d, J = 8.8 Hz, H–NHCO). Two
conjugated E-disubstituted double bonds were established by
the 1H NMR signals (Table 1) at δ 6.00 (1H, dt, J = 15.6, 6.4
Hz, H-6), 5.79 (1H, dd, J = 15.6, 10.0 Hz, H-7), 5.85 (1H, dd,
J = 16.0, 10.0 Hz, H-8), and 5.80 (1H, dt, J = 16.0, 6.0 Hz,
H-9), the IR absorption peak at 964 cm−1 (14), and the 1H-1H
COSY correlations between H-6 and H-7, between H-7 and
H-8, and between H-8 and H-9. The 13C NMR signals (Table
1) at δ 70.5 (t), 76.0 (d), 72.7 (d), and 72.5 (d) suggested four
oxygenated carbons. The 13C NMR signal (Table 1) at δ 51.9
should be assigned to the carbon atom substituted by a nitro-
gen atom considering the HSQC cross signal at δ 5.29 (1 H,
m)/51.9 (d). Two methyl groups and a long-chain alkyl moi-
ety were concluded from the 1H NMR signals (Table 1) at δ
0.86 and 0.85 (each 3 H, t, J = 6.6 Hz) and 1.20–1.33 (about
52 H, m). Thus, compound 1 could be a glucoceramide (Fig.
1).
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To determine the number of hydroxyl groups, compound 1
was acetylated with acetic anhydride/triethylamine at room
temperature to yield its peracetate derivative 1a, which dis-
played a quasi-molecular ion peak at m/z 1136 ([M + H]+,
100) in its ESI-MS (positive-ion mode). A Glc moiety was
also confirmed by the fragment ion peak at m/z 806 ([M + H
− Glc(OAc)4]+, 10). Seven methyl signals of acetyl were ob-
served at δ 2.09, 2.07, 2.05, 2.04, 2.03, 2.02, and 2.00 (each
3H, s) in the 1H NMR spectrum and at δ 20.96, 20.91, 20.71,
20.68, 20.66, 20.57, and 20.54 in the 13C NMR spectrum, and
carbonyl signals at δ 171.0, 170.6, 170.3, 170.2, 170.0, 169.8,
169.4, and 169.3 in the 13C NMR spectrum of compound 1a,
respectively. Thus, seven hydroxyl groups were present in
compound 1.

The structure of compound 1 was concluded from the 1H-
1H COSY, HMBC, and HSQC correlations (Table 1, Fig. 2),
which was confirmed by the chemical degradation (Scheme
1). A fatty acid methyl ester (1b), a methyl glucopyranoside
(1c), and a long- chain base (1d), which was acetylated later
by acetic anhydride/triethylamine to give compound 1e, were
obtained from the methanolysis solution of compound 1
(Scheme 1) (15). Compound 1b, methyl 2-hydroxytetra-
cosanate, was identified by its EI-MS and by comparing its
1H NMR data and optical rotations with those reported (16).
Thus, the relative configuration of C-2′ was proposed as R
(16). The β-D-Glc moiety in 1 was concluded by the optical
rotations and ESI-MS (positive-ion mode) of the methyl glu-
copyranoside 1c (13).

The ion peaks at m/z 384 ([M + H − Glc − sphingoid moi-
ety]+, 100) in the ESI-MS (positive-ion mode) of compound
1 also suggested that the Fatty Acid chain is 2-hydroxytetra-
cosanoyl. The sphingolipid base, 2-amino-1,3,4-trihydroxy-
octadecane-6,8-diene, was also determined by the character-

istic fragment ion peaks at m/z 296 ([sphingoid moiety + H]+,
35) (Fig. 3).

The locations of the two E-double bonds were assigned by
the 1H-1H COSY and HMBC correlations and by the charac-
teristic fragment ion peaks at m/z 187.1528 for C11H23S in the
HR-EI-MS of the DMDS derivative 1f (17,18).

The stereochemistry of C-2, -3, and -4 were determined to
be S, S, and R, respectively, by comparing the NMR data, the
coupling constants of H-1, H-2, H-3, and H-4, and the optical
rotations of compound 1 with those of 6 and its synthetic gly-
coceramide 7 and by comparing the data of the acetylated
product 1a with those of the acetylated product of 8 and its
synthetic glycoceramide 9 (19,20) (Tables 2, 3; Fig. 1). Thus,
the structure of 1 was determined as (2S,3S,4R,6E,8E)-1-O-
β-D-glucopyranosyl-2-[(2R)-2-hydroxytetracosanoylamino]-
1,3,4-octadecanetriol-6,8-diene (Fig. 1).

Sphingolipids play an important role in the cells of the vascu-
lature, and cell regulation, specifically in colon cancer cells, and
proposes signaling pathways that dietary sphingolipids utilize in
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FIG. 1. The structures of compound 1, its acetylated product 1a, and
structurally related compounds 6a, 6b, 7, 8a, 8b, and 9.

FIG. 2. The key 1H-1H COSY and HMBC correlations of compound 1.

SCHEME 1

FIG. 3. The proposed fragmentation in the ESI-MS of compound 1.



the suppression of colon cancer, are being viewed as bioactive
molecules and/or second messengers (29–31) in the suppression
of colon cancer because of signaling pathways that have been
proposed messengers (21–23). Significant strides have been
made in this field over the past 10 yr, from identifying metabo-
lites of the sphingomyelin pathway as second messengers to dis-
cerning the molecular biology and biophysics of these lipid-de-
rived second messengers. Scientists from multiple disciplines
began to translate manipulations of endogenous sphingolipid
metabolites and targets into therapeutic initiatives (32).
Chemotherapy has been the primary treatment for disseminated
neuroblastoma, but it has often failed because of drug resistance.
It has become apparent that sphingolipid metabolites and the
generation of sphingolipid species, such as ceramide, play a role
in this drug resistance, which involves a variety of cellular mech-
anisms, including increased drug efflux through expression of
ATP-binding cassette transporters and the inability of tumor cells
to activate or propagate the apoptotic response. This may be an
autonomous mechanism, related to direct effects of sphingolipids
on the apoptotic response, while there is also a subtle interplay
between sphingolipids and ATP-binding cassette transporters
(33). Pellioniareside, a new sphingolipid, may be the active com-
ponents of this medicinal plant to treat icterus, acute and chronic
hepatitis, and allergic dermatitis.

The known compounds, uracil (3) (21) and (22E,20S,24R)-
5α,8α-epidioxyergosta-6,22-dien-3-β-ol (4) (22–26) were
identified by comparing their spectral data with those re-
ported. Lupeol (2) (27) and daucosterol (5) (28) were identi-
fied by their spectral data and by co-TLC and co-m.p. with
authentic samples.
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TABLE 2
Relevant NMR Data of Compounds 1, 6, and 7
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1 4.69 (1H, dd, 10.0, 5.6) 70.5 70.6
4.51 (1H, dd, 10.0, 6.4)
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3′ 2.18 (1H, m), 1.98 (1H, m) 35.6 35.6

TABLE 3
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3 5.19 (1H, t, 9.6) 5.19 (1H, m)
4 4.90 (1H, dt, 9.5, 3.8) 4.92 (1H, dt, 9.1, 3.7)
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ABSTRACT: Fatty acid synthase (FAS; EC 2.3.1.85) of animal tis-
sues is a complex multifunctional enzyme consisting of two
identical monomers. The FAS monomer (~270 kDa) contains
six catalytic activities and from the N-terminus the order is β-
ketoacyl synthase (KS), acetyl/malonyl transacylase (AT/MT), β-
hydroxyacyl dehydratase (DH), enoyl reductase (ER), β-ketoa-
cyl reductase (KR), acyl carrier protein (ACP), and thioesterase
(TE). Although the FAS monomer contains all the activities
needed for palmitate synthesis, only the dimer form of the syn-
thase is functional. Both the biochemical analyses and the
small-angle neutron-scattering analysis determined that in the
dimer form of the enzyme the monomers are arranged in a
head-to-tail manner generating two centers for palmitate syn-
thesis. Further, these analyses also suggested that the compo-
nent activities of the monomer are organized in three domains.
Domain I contains KS, AT/MT, and DH, domain II contains ER,
KR, and ACP, and domain III contains TE. Approximately one
fourth of the monomer protein located between domains I and
II contains no catalytic activities and is called the interdo-
main/core region. This region plays an important role in the
dimer formation. Electron cryomicrographic analyses of FAS re-
vealed a quaternary structure at approximately 19 Å resolution,
containing two monomers (180 × 130 × 75 Å) that are separated
by about 19 Å, and arranged in an antiparallel fashion, which is
consistent with biochemical and neutron-scattering data. The
monomers are connected at the middle by a hinge generating
two clefts that may be the two active centers of fatty acid syn-
thesis. Normal mode analysis predicted that the intersubunit
hinge region and the intrasubunit hinge located between do-
mains II and III are highly flexible. Analysis of FAS particle im-
ages by using a simultaneous multiple model single particle re-
finement method confirmed that FAS structure exists in various
conformational states. Attempts to get higher resolution of the
structure are under way.

Paper no. L9623 in Lipids 39, 1045–1053 (November 2004).

Fatty acid synthase (FAS) of animal tissues is a homodimer,
and the monomer is a multifunctional protein containing
seven catalytic domains and a site for the prosthetic group,
4′-phosphopantetheine. The FAS dimer complex catalyzes the
synthesis of saturated fatty acids, myristate, palmitate, and
stearate by using the substrates acetyl-CoA, malonyl-CoA,
and NADPH (1–4). It is noteworthy that nearly every tissue
in the human body has some level of FAS expression, but

FAS is highly expressed in tissues like liver, adipose, and lac-
tating mammary glands (5).

FAS plays an important role in energy homeostasis by con-
verting the excess food consumed into lipids for storage and
providing energy when needed via β-oxidation. FAS is also
required for the generation of milk lipids during lactation. Be-
sides being the apolar constituent of various membrane lipids
required for membrane functions and its biogenesis, the prod-
ucts of FAS myristate (C14:0) and palmitate (C16:0) are in-
volved in the myristoylation and palmitoylation of cellular
and viral proteins for membrane targeting. Also, the products
palmitate and stearate serve as substrates for chain elongation
to produce very long chain fatty acids, which are important
constituents of sphingolipids, ceramides, and glycolipids
needed for cell division progression, brain structures, and
neurological functions (6). Furthermore, increased FAS lev-
els in cancer tissues indicate a poor prognosis and inhibition
of FAS and leads to apoptosis of cancer cells (7,8). Inhibition
of FAS also suppresses HER2/neu (erbB-2) oncogene over-
expression in cancer cells (9). When mice were treated with
FAS inhibitor c75, their food intake and body weight were re-
duced (10). However, saturated fatty acids synthesized by
FAS are readily available from food sources.

To understand the importance and contribution of the de
novo fatty acid synthesis catalyzed by FAS in animals, trans-
genic knockout mice were generated (11). Studies of these
mice showed that not only did the Fasn–/– null mutant em-
bryos die before their implantation in the uterus, but that due
to haploid insufficiency most of the Fasn+/– heterozygotes
also died at various stages of their embryonic development
(11). Whole-mount in situ hybridization performed to detect
FAS mRNA expression in E7.5−E10.5-day-old embryos,
using digoxigenin-labeled anti-sense FAS mRNA probes,
showed that the FAS gene was expressed broadly in the
mouse embryos, but the regions of strong FAS mRNA expres-
sion varied in the developmental stages examined. These ob-
servations suggest that the sites of most intense FAS expres-
sion coincide with regions known to be undergoing tissue-tis-
sue interactions, tissue outgrowth, and progressive
modeling/remodeling (11); hence, FAS is essential during
embryonic development.

In animal and human tissues palmitate (16:0 fatty acid),
the major saturated constituent of lipids, is synthesized de
novo by FAS. FAS was the first to make an entry into the most
sophisticated class of multifunctional proteins in which a sin-
gle polypeptide contained all the required constituent activi-
ties and performs all of the reactions involved in the synthe-
sis of a metabolite. In addition to FAS, the polyketide syn-
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thases, the nonribosomal peptide synthases, and the eukary-
otic carboxylases such as acetyl-CoA, propionyl-CoA, and
pyruvate carboxylases, fall into this category of multifunc-
tional proteins; however, much of our knowledge and appre-
ciation of these multifunctional proteins came from the stud-
ies of fatty acid synthesis in animal tissues. There are several
extensive reviews describing the structure and function of
FAS (1–4), but this review will focus mainly on the recent
findings related to the structure and function of FAS and will
give a brief introductory description of the pertinent earlier
findings. 

FATTY ACID SYNTHESIS BY ANIMAL FAS

FAS synthesizes palmitate from acetyl-CoA and malonyl-
CoA, which is produced according to the following equation:

CH3COS-CoA + 7HOOCCH2COS-CoA + 14NADPH + 14H+ →
CH3(CH2CH2)7COOH + 14NADP+ + 8CoA-SH + 7CO2 + 6H2O 

The synthesis of palmitate is carried out by a very complex
overall reaction that involves sequential condensation of
seven C2 units derived from malonyl-CoA to the primer
acetyl moiety derived from acetyl-CoA. The individual reac-
tions involved in the synthesis became known from studies of
the multienzyme complex of Escherichia coli FAS (type 2) in
which each reaction is catalyzed by a separate specific en-
zyme of the FAS complex (1,2,12). These studies identified
three important characteristics of fatty acid biosynthesis.
First, ATP and CO2 are required for the synthesis of the key
substrate, malonyl-CoA, catalyzed by a biotin enzyme,
acetyl-CoA carboxylase (13). Second, the essentiality of the
acyl carrier protein (ACP) containing 4′-phosphopantetheine
prosthetic group in fatty acid synthesis (14), and third, that all
of the acyl intermediates in fatty acid synthesis are bound to
ACP as thioester derivatives. The observation that ACP-
bound acyl-intermediates are involved in fatty acid synthesis
distinguished the pathway of synthesis from that of fatty acid
oxidation, which utilizes the acyl-CoA intermediates (12,13).
The fatty acid synthesis reactions, however, are catalyzed by
several component enzymes of the multifunctional animal
FAS (type 1) as illustrated in Figure 1. The transfer of sub-
strates, acetate to β-ketoacyl synthase (KS), and malonate to
acyl carrier protein (ACP), from the respective CoA deriva-
tives is catalyzed by acetyl and malonyl transacylases respec-
tively. KS catalyzes the condensation of these substrates to
form acetoacetyl-ACP with the release of carbon dioxide. The
reduction of acetoacetyl to β-hydroxyacyl chain is catalyzed
by β-ketoacyl reductase (KR). The product then undergoes
dehydration by β-hydroxyacyl dehydratase (DH) and is fol-
lowed by a second reduction by enoyl reductase (ER) leading
to the formation of a saturated four-carbon fatty acid attached
to ACP. KS mediates the transfer of the saturated fatty acyl
chain to its own Cys-SH, thus freeing ACP to accept malonate
from malonyl-CoA for the next round of elongation. Thus se-
quential addition of two carbon moieties derived from mal-

onyl-CoA to the growing acyl chain leads to the synthesis of
palmitate attached to ACP, which is then hydrolyzed by
thioesterase (TE) and released as palmitic acid (1–4). 

ORGANIZATION OF COMPONENT ACTIVITIES IN
THE MULTIFUNCTIONAL FAS

Initially, the animal FAS was thought to be a multienzyme en-
zyme complex like E. coli FAS due to the presence of several
protein bands on SDS-PAGE. By controlling proteolysis dur-
ing isolation and denaturing immediately before electrophore-
sis, it was determined that FAS contains a single polypeptide
of approximately 250 kDa (15). Active enzyme centrifuga-
tion analysis revealed that it is a homodimer (15,16). FAS
dimer dissociates in low ionic-strength buffers and at cold
temperatures, and the FAS monomer was found to be inactive
in fatty acid synthesis (1,2). Even before cDNA derived,
amino acid sequences were available, the order of the compo-
nent activities in the monomer was established by partial pro-
teolysis using various proteases, isolation of various compo-
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FIG. 1. Catalytic reactions involved in the synthesis of palmitate by ani-
mal fatty acid synthase (FAS). Acetyl and malonyl groups from their re-
spective coenzyme A derivatives are transferred to the enzyme by
acetyl/malonyl transacylase (AT/MT). In the first cycle the condensation
of the acetyl group bound to β-ketoacyl synthase (KS) with the malonyl
moiety bound to the acyl carrier protein (ACP) and subsequent β-car-
bon processing reactions involving β-ketoacyl reductase (KR), β-hy-
droxy-acyl dehydratase (DH), and enoyl reductase (ER) leads to the for-
mation of butyryl-ACP. The butyryl group is then transferred to KS, thus
freeing ACP-SH to accept malonyl moiety from its CoA derivative for
the next round of elongation. After an additional six cycles of elonga-
tion reactions, the palmitate bound to ACP and is released by
thioesterase (TE) to initiate next round of palmitate synthesis. Excluding
the reversible steps, there are more than 50 reactions involved in the
synthesis of one palmitate molecule, although most of them are repeti-

 



nent fractions, and by determining the FAS-related activities
contained in them (1,2,17). These analyses revealed that the
FAS monomer contains all the component activities in the fol-
lowing order: NH2-KS, acetyl/malonyl transacylase
(AT/MT), DH, ER, KR, ACP, and TE (1,2,17). 

The multifunctional FAS cDNA sequences of chicken
(18–20), rat (21,22), human (5), and mouse (23) have been
determined. Comparison of the amino acid sequences of ani-
mal and human FAS showed them to be highly homologous.
In the deduced amino acid sequences, the already known ac-
tive site peptide sequences of KS, AT/MT, the putative nu-
cleotide binding motifs, Gly-X-Gly-X-X-Gly of ER and KR,
the phosphopantetheine binding site of ACP, and the active
site Ser of TE could be readily located (5,18–24). Compar-
isons of the amino acid sequences derived from cDNA se-
quences of animal and human FAS, with those of the subunits
of prokaryotic FAS complex and polyketide synthases helped
in defining the boundaries of the FAS component enzyme se-
quences (3,4,24). Interestingly, the highly conserved se-
quences of component enzymes are separated by short pep-
tide stretches (linker regions) of least conserved sequences.
Furthermore, there is a long, less conserved sequence of ap-
proximately 640 amino acids, termed the interdomain/core
region, located between DH and ER, which does not code for
any known functional activity of FAS (Fig. 2). The determi-
nation of the N-terminal sequences of chicken FAS peptides,
which retained component activities (24) generated by lim-
ited proteolysis using kallikrein (2,17), revealed that most of
the protease cleavage sites are located in the linker regions.

Thus, in FAS monomer, the protein sequences of component
activities are folded independently and are organized like
beads on a string, an arrangement that suggests that fusion of
genes coding for individual type 2 FAS activities resulted in
complex multifunctional type 1 FAS. 

Proteolytic analyses of animal FAS, described above, also
suggested that these activities are organized in three domains
(1,2,17). The domain organization was further refined by
using the available amino acid sequences of animal and
human synthases and heterologous expression of various seg-
ments of the cDNA. As shown in Figure 2, Domain I contains
KS, AT/MT, and DH. Domain II contains ER, KR, and ACP,
and domain III contains TE (1,2). Domains I and II are sepa-
rated by the interdomain/core region. In addition, thiol cross-
linking reagent experiments using 1,3-dibromo-2-propanone
showed that the active site Cys-SH of KS and phosphopan-
tetheine thiol of ACP were cross-linked, and the cross-linked
enzyme fractionated as a dimer (~500 kDa) in SDS-PAGE
(25). Hence, in the FAS homodimer, the two monomers are
arranged in a head-to-tail fashion, bringing the amino termi-
nal KS-Cys-SH of one monomer within 2 Å distance to the
carboxy terminally located ACP-phosphopantetheine-SH of
the other monomer (25). This arrangement generates two ac-
tive centers for fatty acid synthesis as shown in Figure 2A.
The domain organization and the dimeric nature of FAS were
further supported by physical studies of the chicken FAS by
using electron microscopy of the dibromopropanone cross-
linked enzyme and the small-angle neutron-scattering analy-
sis of native enzyme (26). These studies suggested a struc-
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FIG. 2. The structural and functional organization of animal and human FAS dimer. In A, the
model is based on the biochemical data in which FAS monomer has three domains. The two
subunits with their domains I, II, and III are drawn in an antiparallel arrangement (subunit divi-
sion) so that two sites of palmitate synthesis are constructed (functional division). Domain I
contains KS, AT/MT, and DH. Domain II contains ER, KR and ACP. Domain III contains TE.
The wavy line represents the 4′-phosphopantetheine prosthetic group of ACP. The domains I
and II are separated by the interdomain peptide, consisting of about 640 amino acids, with no
known catalytic function. In the head-to-tail arrangement of the monomers, two sites for the
synthesis of palmitate are generated (functional division). Each of these sites is composed of
domain I of one monomer and the domains II and III of the other monomer. In B, a model pro-
posed based on the small-angle neutron-scattering analyses (26). Abbreviations used are indi-
cated for Figure 1. 



tural model with dimensions of 160 × 146 × 73 Å and an over-
all appearance of two side-by-side cylinders arranged in an
antiparallel fashion. Each cylinder has a length of 160 Å and
a diameter of 36.5 Å, and is divided into three domains with
lengths of 32, 82, and 46 Å. In the antiparallel arrangement
of these cylinders, two crevices are generated on the major
axis of the model at the opposite ends of the molecular diad.
These two crevices probably represent the two active centers
of the FAS dimer (Fig. 2B). This model was further substan-
tiated by the observation that the two sites of palmitate syn-
thesis function simultaneously (27). 

COMPONENT ENZYMATIC ACTIVITIES OF ANIMAL
FAS

Biochemical studies, heterologous expression of various con-
stituent activities and full length enzyme, and mutational analy-
sis of amino acid residues of active sites have helped in refining
the organization of component activities and their mechanism of
action. The substrates acetyl-CoA and malonyl-CoA enter the
reaction cycle through a common component enzyme
acetyl/malonyl transacylase. This component activity of chicken
FAS (amino acids 455 to 726), when expressed with a His6 fu-
sion in E. coli, was found to be in the insoluble inclusion bodies
(24). However, the enzyme protein can be extracted from the in-
soluble pellet with denaturing agents such as guanidinium-HCL
and urea, purified using Talon column, and can be renatured by
removing the denaturing agents to obtain a protein that had ap-
proximately 60% of the native AT/MT activity (24,28). AT/MT
has a serine at its active center in a highly conserved motif Gly-
His-Ser (28) and binds either acetyl or malonyl moieties from
their CoA derivatives. The serine-bound acetyl moiety is trans-
ferred to the active site Cys-SH of KS via ACP, and the malonyl
group is transferred to the pantetheine-SH of ACP (Fig. 1). Mu-
tation of the active site Ser581, of the AT/MT to Ala in rat FAS,
resulted in the loss of both acetyl and malonyl transacylase ac-
tivities (28). Mutation of another conserved His683 to Ala also
resulted in the loss of both transacylase activities (28). Hence,
His683 is considered as a proton acceptor from the hydroxyl of
Ser581 to increase its nucleophilicity. Interestingly, when the
conserved Arg606 mutated to Ala, the enzyme has reduced ac-
tivity with the substrate malonyl-CoA. In addition, the Arg606A
mutant enzyme showed a dramatically increased acetyl transacy-
lase activity (29). Thus, Arg606 is essential for the malonyl
transacylase activity due to its role in positioning the free car-
boxyl anion of malonate at the active center (29). Since the ac-
tive site serine of AT/MT can accept both acetyl-CoA and mal-
onyl-CoA as substrates, and the primer acetyl-CoA is needed
only once in the synthesis of a palmitate molecule, the AT/MT
has to scan for the required substrate at any given time and trans-
fers the substrate that is not required to CoA. Hence, free CoA is
required for fatty acid synthesis (1–4). 

The condensing enzyme, KS, has a highly reactive cysteine
at its active center (1–4,25). KS performs condensation reaction
between acetyl/acyl chains bound to its Cys-SH and malonyl
moiety bound to the phosphopantetheine thiol of ACP, generat-
ing a β-ketoacyl chain attached to ACP. KS also functions as an

acyl transferase, since it transfers the growing saturated acyl
chains from ACP to its own active site Cys-SH (1–4). In doing
so, KS frees the ACP-SH so that it can accept the malonyl group
from malonyl-CoA, to continue the next round of elongation
(Fig. 1). The amino acid sequence of KS is highly conserved
across all species. Mutation of the active site Cys161 of rat FAS
to Ala, Ser, or Thr, resulted in a practically inactive enzyme (30);
however, mutation of Cys161 to Gln led to the loss of condensa-
tion activity but this mutant enzyme was able to decarboxylate
malonate (31). The decarboxylation of malonyl-CoA may be fa-
cilitated by His293 and His331 (31,32). 

The β-ketoacyl fatty acid, generated by KS, is reduced by KR
to the β-hydroxy fatty acid, which is dehydrated by the dehy-
dratase to the enoyl derivative, which is then reduced by ER to
the saturated fatty acyl derivative. Both ER and KR contain a
typical nucleotide binding motif, GX(X)GXXG, identified in a
Rossmann fold. In ER, the sequence GSGGVG, and in KR, the
sequence GGLGGFG, are highly conserved, and as was ex-
pected, mutation of some of these glycine residues (underlined)
in ER and KR of rat FAS resulted in loss of the reductase func-
tions (33). Similarly, in DH, mutation of a conserved histidine,
His873, in rat FAS led to the loss of its activity, which suggests
that this histidine may be involved in the DH active site (34). 

Thioesterase performs the ultimate step in fatty acid synthesis
by releasing the long chain fatty acid palmitate from ACP. The
cloning and expression of chicken FAS ACP-TE in E. coli
showed that the animal ACP can be phosphopantetheinylated by
E. coli holo-ACP synthase (35). Mutagenesis of TE active site
residues of chicken FAS, Ser2302 or His2475 to Ala, resulted in
an inactive enzyme, suggesting that these two residues are part
of Ser-His-Asp catalytic triad of serine esterases (36). Conver-
sion of Ser2302 to Cys made the TE function like a thiol-active
thioesterase and was inhibited by iodoacetamide (36). In addi-
tion, the double mutant containing Ser2302Cys and His2475Ala
showed diminished reactivity to iodoacetamide, and bound
palmitate as palmitoyl-S-intermediate without hydrolyzing the
thioester. These results suggested that Ser2302 is a strong nucle-
ophile and that His2475 is the general base required to withdraw
the proton from Ser2302/Cys2302 (36). Likewise, in the rat
mammary gland-specific thioesterase (TEII), which binds to
FAS and releases medium chain fatty acids during lactation,
Ser101 and His237 are required for the esterase function (37).
By collaborating with Quiocho and his associates, we have re-
cently determined the 3-D structure of the human FAS TE do-
main. The structure revealed that the active site pocket of TE
contains the conserved residues, Ser2308, His2481, and
Asp2338, that constitute the active site catalytic triad (38). Mu-
tagenesis of these conserved amino acids in human FAS TE to
Ala, individually, confirmed their importance in the catalysis
(38), suggesting that FAS-TE and TEII evolved from serene pro-
teases. 

DIMERIC STRUCTURE OF FAS AND THE ROLE OF THE
INTERDOMAIN/CORE 

As shown in Figure 2A, each palmitate synthesis center is
constituted by the N-terminal KS, AT/MT, and DH compo-
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nents of one monomer and the C-terminal ER, KR, ACP, and
TE components of the other monomer. Synthesis of palmitate
involves seven cycles of 2-carbon additions to the primer
acetyl group and involves more than 50 reactions (Fig. 1).
Based on the average specific activity of purified human FAS
(~70 nmol of palmitate/min/mg), one molecule of FAS dimer
generates approximately 40 molecules of palmitate per
minute by catalyzing more than 2000 individual
reactions/min/dimer. Hence, the two centers of palmitate syn-
thesis in the dimer are highly dynamic and flexible, and it is
difficult to imagine that the component activities can hold the
dimer together while performing palmitate synthesis. How-
ever, the interdomain/core region, which constitutes approxi-
mately 25% of the FAS monomer (Fig. 2A) and has no cat-
alytic function, is thought to play an essential role in dimer
formation and holding it together during palmitate synthesis.
Based on the head-to-tail arrangement of the monomers in the
FAS dimer, the interdomain dimer regions of the two
monomers also interact with each other in a head-to-tail man-
ner (Fig. 2). Hence, the FAS model (Fig. 2A) predicts that the
two halves of a FAS monomer could associate to form a func-
tional FAS dimer containing one catalytic center. To demon-
strate such an association, recombinant proteins containing
domain I and the N-terminal half of interdomain and domains
II–III containing the C-terminal half of the interdomain at its
N-terminus (Fig. 3) were expressed in E. coli and purified
(39). Recombinant proteins containing no interdomain re-
gions were also produced. All of these recombinant proteins
contained N-terminal thioredoxin and His6 tag fusions. As
shown in Figure 3, fatty acid synthesis could be reconstituted
only when the reaction mixture contained both the domain I
with the N-terminal half of interdomain and the C-terminal

half of the interdomain containing domain II–III proteins
(39). The addition to the reconstitution mixture containing a
constant amount of either domain I or domain II–III protein
and increasing amounts of domain II–III or domain I protein,
respectively, showed that the rate of fatty acid synthesis was
determined by the limiting amount of the recombinant do-
main protein present in the reaction mixture (39). Hence, to
generate an active center for fatty acid synthesis, stoichiomet-
ric amounts of interdomain containing domain I and domain
II–III proteins were needed. As expected, the bifunctional
reagent dibromopropanone cross-linked these two proteins
and inhibited the fatty acid synthesis (39). That the two halves
of a FAS monomer can generate palmitate synthesis further
confirmed the antiparallel arrangement of FAS monomers in
the dimer. In addition, these studies also showed that the in-
terdomain region has an important structural role in the FAS
dimer formation and function. That the interdomain regions
interact with each other in vivo was further confirmed by
using the yeast two-hybrid system (40).

As described above, the two sites of palmitate synthesis of
the FAS dimer function simultaneously and independently
(20); however, some variations to this theme were reported
(4,30,33,41–44). Smith and his associates analyzed fatty acid
synthesis by several combinations of mutant FAS dimers in
which one monomer had a mutation in one component activ-
ity and the other monomer had a mutation in a different com-
ponent activity (4,30,33,41–44). These analyses mostly sup-
ported the FAS dimer model with two active centers shown
in Figure 2; however, it was observed that KS and AT/MT can
work partially with the ACPs located in both of the palmitate
synthesis centers (41). Although this observation can be ex-
plained by the flexible nature of the monomers in the FAS
dimer as described below, however, the observation that DH
functions only with the ACP of the same monomer (4,33) ap-
pears to be inconsistent with the functional division of the
FAS dimer (Fig. 2) and our finding that the two halves of FAS
monomer can form a fatty acid synthesis center as shown in
Figure 3 (39). To explain the inter- and intrasubunit catalytic
domain interactions observed, Smith and his colleagues have
proposed an alternative model in which KS, AT/MT, and ACP
domains of the opposite subunits are in structural and func-
tional contact with each other and with the rest of the func-
tional units that spread in the opposite directions (4,33). Al-
though this model might explain the observations of Smith
and his associates, it ignores the importance of interdomain
region in the formation of FAS dimer shown in Figures 2 and
3 (39,40). Furthermore, the mutation complementation analy-
ses performed by Smith and his colleagues showed fatty acid
synthesis levels in the range of 16–20% (except for a few that
showed 30–40%), a less than expected level of FAS activity
(4,33). Even when one of the active centers was supposed to
be active (for example, KS mutant monomer when combined
with ACP mutant monomer), the FAS activity was only 19%
(33). This variation in complemented FAS activity and the
less than expected activity might be due to alteration in the
structures of the individual monomers because of mutations
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FIG. 3. Requirement of interdomain region in the FAS dimer formation.
FAS dimer is shown in a schematic representation (not drawn to scale).
Arrows indicate the interaction between the interdomain regions (ID) of
the monomers. The interaction of the two halves of the FAS monomer
to generate a palmitate synthesis site is shown in the boxed region. The
recombinant proteins of domain I (DI), and domains II–III (DII–III) either
containing or lacking interdomain regions were expressed in E. coli as
thioredoxin (TRX) fusion proteins, purified, and used in the reconstitu-
tion of FAS activity. Abbreviations used are indicated for Figure 1. 



or to structural constraints and catalytic inefficiencies related
to sharing of activities between the two fatty acid synthesis
centers. Nonetheless, the apparent redundancy of KS and
AT/MT functions might provide small but measurable
(~20%) catalytic advantage to the FAS dimer function (4,33).
In the head-to-tail dimer model depicted in Figure 2, dibro-
mopropanone cross-links Cys-SH of KS of one monomer
with the pantetheine-SH of ACP present in the other
monomer, and hence, there will be two cross-links/dimers
(25). Analysis of the dibromopropanone cross-linking
showed that 45% of FAS dimers contained two cross-linkers,
15% contained one cross-link/dimer, and 35% of the mole-
cules were monomers containing intramolecular KS and ACP
thiol cross-linking (43). The presence of cross-linked
monomers shows another degree of FAS flexibility. This flex-
ibility could also explain how a FAS dimer formed by using a
nonfunctional monomer, in which all of the component activ-
ities and ACP were mutated, and a fully functional monomer
can synthesize fatty acids, albeit at 16% of the normal FAS
dimer activity (44). Taken together, these observations sug-
gest that monomers of the FAS dimer also have the ability to
fold in such a way that the KS and ACP of the monomer may
be close enough to generate some FAS activity. However,
based on the dibromopropanone cross-linking analysis
(25,26,43), which showed that head-to-tail dimer is the pre-
dominant form of FAS, the dimer with two distinct active cen-
ters proposed in Figure 2 is the most favorable and catalyti-
cally preferred structure. When some of the component en-
zymes are nonfunctional, the built-in flexibility of the
monomers in the dimer described below might help in de
novo fatty acid synthesis. 

QUATERNARY STRUCTURE OF FAS

Attempts to crystallize FAS have not been successful thus far.
Hence, we resorted to determining the structure of the highly

pure human FAS using electron cryomicroscopy, by collaborat-
ing with Chiu and his associates (45). Electron cryomicroscopy
showed FAS particles as dimers in all possible orientations (Fig.
4). A variety of shapes are observed in the micrograph, all con-
sistent with the model of two roughly cylindrical particles in an
antiparallel orientation with a linker region, forming an H-shaped
molecule. X-ray solution-scattering analysis (45) confirmed FAS
is a dimer consistent with dimensions described previously by
small angle neutron-scattering analysis (26). Standard single par-
ticle reconstruction methodologies were then followed (46).
Briefly, a dimer of two featureless the ellipsoids with dimensions
160 × 146 × 73 Å (26) was used as an initial model. Projections
of this model in all possible orientations were generated, and in-
dividual FAS particles selected from micrograph were compared
to each projection. This classification process determines the ori-
entation of each particle image. Particles in nearly identical ori-
entations were then aligned relative to each other (in the image
plane) and averaged together to generate class averages (Fig. 5).
Finally, the class averages were combined to produce a new 3-D
model (45). The procedure was repeated by using the new model
as an initial model. This process was iterated until convergence
was achieved. The analysis was performed both with and with-
out imposing 2-fold symmetry (Fig. 6A and B). Both models
showed dimensions of 180 × 130 × 75 Å with monomers sepa-
rated by about 19 Å and arranged in an antiparallel orientation,
which is consistent with biochemical data (1,2,17–20). Each
monomer subunit appears to be subdivided into three structural
domains. The two clefts between the monomers, while asym-
metric, may be the two active centers of fatty acid synthesis (Fig.
6). Recent studies on the structure of TE domain of human FAS
(38), and the preliminary electron cryomicroscopy of the struc-
ture of FAS lacking TE indicated that the C-terminal TE domain
is located at the end of the structural domain I (functional do-
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FIG. 4. Typical micrograph of fatty acid synthase (FAS) embedded in
vitreous ice at 2.7-µm defocus. Particles can be observed in numerous
different views ranging from dumbbell shape to double arches. Images
are collected as focal pairs; image shown here is a far-from-focus image.
The close-to-focus image is used for actual image processing.

FIG. 5. Several projections of the final refined 3-D model in four orien-
tations are shown with the corresponding class average and some indi-
vidual particle images corresponding to each. In a properly refined
structure, the projections and class averages will be identical except for
noise. In cases of particle heterogeneity often small discrepancies will
appear between the two. 



main III) of each monomer (Fig. 6), further confirming the an-
tiparallel arrangement of FAS dimer. A strong bridge connects
the two monomers, which may be the combination of the inter-
domain regions of both monomers (Fig. 6). 

Although the FAS particle images (Fig. 6) are similar to
what we have proposed based on partial proteolysis and bio-
chemical analysis (Figs. 2), the resolution of the structure
even after analyzing approximately 25,000 particles is only
approximately 20 Å, suggesting that failure to get a much
higher resolution may be due to inter- and intramolecular
flexibility of the FAS dimer. To understand the inherent con-
formational flexibility of the FAS supermolecular complex,
the domain movements of FAS were analyzed by using a
computational method called quantized elastic deformational
model (normal mode analysis) based on the electron density
maps of the synthase at 19 Å, shown in Figure 6A, with the
assumption that the monomers of FAS have enormous flexi-
bility (47). This method has the ability to predict large-scale
conformational changes such as domain movements by treat-
ing the protein as an elastic object without the knowledge of
protein primary sequence and atomic coordinates (48). As
shown in Figure 7, this analysis suggested that FAS is a very
flexible molecule. FAS structure has two types of flexible
hinges (Fig. 7). One is the intersubunit connection (interdo-
main) and the other is an intrasubunit hinge located between
the structural domains I and II (Fig. 7), which are equivalent
to functional domains III and II (Fig. 2). Despite that the
dimeric FAS has a symmetric structure, large domain move-
ments around the hinge region occur in various directions and
allow the molecule to adopt a wide range of conformations
(47). These domain movements are likely to be important in
facilitating and regulating the entire palmitate synthesis by
coordinating the communication between components of the
molecule, for instance, adjusting the distance between vari-
ous active sites inside the catalytic reaction centers. 
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FIG. 6. Three-dimensional structure of fatty acid synthase (FAS). In A–D,
the structure was obtained by applying C2 symmetry and in E–H, with-
out symmetry. From left to right, different views of the molecule are
shown, i.e., top view (A and E), side view (B and F), end-on view (C and
G), and the view corresponding to the double-arch view visible in Fig-
ure 5 (D and H). Individual domains of the subunits have been indi-
cated as I–III (A and E). In H, the asymmetric structure, the two clefts
formed by the monomers are labeled as narrow (N) and wide (W). The
proposed locations of the active sites of FAS are indicated by the two
gray oval regions. 

FIG. 7. The motional patterns of the fatty acid synthase (FAS) dimer.
Four lowest-frequency deformational modes are shown. Mode 7 de-
scribes an in-plane bending motion around the hinge between two
monomers (intersubunit hinge). This is the most flexible hinge in the
system. Mode 8 describes an out-of-plane bending motion around the
same hinge. Modes 9 and 10 describe the motions around two smaller
intrasubunit hinges. They are smaller in magnitude. For each mode, two
opposite conformations (left and right) during harmonic vibration are
shown to illustrate the direction of the motion. The amplitude of the
motion was arbitrarily chosen for visual clarity. The arrows are used to
indicate the directions of the motions. The larger circles in modes 7 and
8 indicate the intersubunit hinge, and the smaller circles in mode 9 and
mode10 indicate the intrasubunit hinges. The dotted lines in mode 10
indicate the longest axes of the subunits. 



Based on this theoretically predicted flexibility described
above, FAS dimer might exist in several different conforma-
tional states. To demonstrate the existence of this flexibility
in FAS dimer, approximately 20,000 FAS particle images
were processed by using a simultaneous multiple model sin-
gle particle refinement method to search for their presence
(49). For this analysis only the extreme conformational states
shown in Figure 7 (mode 7) were used. This analysis con-
firmed the presence of these conformational states of FAS
dimers in the electron cryomicrographic images (Fig. 8). This
implies that the resolution limiting factor in our current struc-
tures is structural heterogeneity among the data. That is, our
final structure consists of the average of many different states.
To improve the resolution will require splitting the data up
into many more groups, each of which will then be more
structurally homogeneous. While this type of analysis would
require approximately 106 FAS particles to be analyzed, it
will provide multiple FAS dimer structures at much higher
resolution instead of a single FAS structure at low resolution. 
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ABSTRACT: The increasing of multidrug resistance of clini-
cally important pathogens calls for the development of novel
antibiotics with unexploited cellular targets. FA biosynthesis in
bacteria is catalyzed by a group of highly conserved proteins
known as the type II FA synthase (FAS II) system. Bacterial FAS
II organization is distinct from its mammalian counterpart; thus
the FAS II pathway offers several unique steps for selective inhi-
bition by antibacterial agents. Some known antibiotics that tar-
get the FAS II system include triclosan, isoniazid, and thiolacto-
mycin. Recent years have seen remarkable progress in the un-
derstanding of the genetics, biochemistry, and regulation of the
FAS II system with the availability of the complete genome se-
quence for many bacteria. Crystal structures of the FAS II path-
way enzymes have been determined for not only the Es-
cherichia coli model system but also other gram-negative and
gram-positive pathogens. The protein structures have greatly fa-
cilitated structure-based design of novel inhibitors and the im-
provement of existing antibacterial agents. This review discusses
new developments in the discovery of inhibitors that specifi-
cally target the two reductase steps of the FAS II system, β-ke-
toacyl-acyl carrier potein (ACP) reductase and enoyl-ACP re-
ductase.

Paper no. L9543 in Lipids 39, 1055–1060 (November 2004).

TYPE II FA SYNTHASE

FA biosynthesis is a fundamental component of the cellular
metabolic network, providing the essential building blocks for
membrane phospholipid formation. Bacteria synthesize FA
using a series of discrete monofunctional proteins, each cat-
alyzing one reaction in the pathway [for reviews see (1–3)].
The bacterial system, also known as the dissociated, type II
FA synthase (FAS II), contrasts with the yeast and animal type
I FA synthase (FAS I), which contains polypeptides with mul-
tiple active sites that perform all the catalytic reactions in the
pathway. Although the structural organizations of FAS I and
FAS II are different, the chemical reactions and the catalytic
mechanisms for FA synthesis are essentially the same.

Escherichia coli FAS II has been extensively studied and
the biochemical properties of the individual enzymes are the
paradigm for type II FA synthase (1). Acetyl-CoA carboxy-
lase catalyzes the first committed reaction of FA biosynthe-
sis. The product of the reaction is malonyl-CoA, and the mal-
onate group is then transferred to acyl carrier protein (ACP)
by malonyl-CoA:ACP transacylase (FabD) to form malonyl-
ACP. The FA elongation cycle is initiated by the Claisen con-
densation of malonyl-ACP with acetyl-CoA catalyzed by β-
ketoacyl-ACP synthase III (FabH) to form β-ketobutyryl-
ACP. Four enzymes catalyze each cycle of elongation. The
β-keto group is reduced by the NADPH-dependent β-keto-
acyl-ACP reductase (FabG), and the resulting β-hydroxy in-
termediate is dehydrated by the β-hydroxyacyl-ACP dehy-
dratase (FabA or FabZ) to an enoyl-ACP. Next, the reduction
of the enoyl chain by the NAD(P)H-dependent enoyl-ACP re-
ductase (FabI, FabK, or FabL) produces an acyl-ACP. Addi-
tional cycles of elongation are initiated by the β-ketoacyl-
ACP synthase (FabB or FabF), which elongates the acyl-ACP
by two carbons to form a β-ketoacyl-ACP. Elongation ends
when the fatty acyl chain reaches 14–18 carbons in length, at
which point it is used for membrane phospholipid or
lipopolysaccharide synthesis.

Because the organization of the bacterial FAS II is distinct
from its mammalian counterpart FAS I, the FAS II enzymes
have become attractive targets for new antimicrobial drug dis-
covery [for reviews see (4–6)]. Established inhibitors of FAS
II enzymes include triclosan (7,8), isoniazid (9), and thiolac-
tomycin (10). The discovery of a type II FA synthase in the
malaria-causing agent Plasmodium falciparum stimulated the
search for antimalarials that operate by inhibiting the FAS II
enzymes (11–13).

This review focuses on the recent development of in-
hibitors that target the two reductase steps of FAS II, namely,
β-ketoacyl-ACP reductase and enoyl-ACP reductase. The re-
actions catalyzed by these two reductases are outlined in
Scheme 1. Only one isoform of FabG has been identified. Al-
though FabG is essential and a valid antimicrobial target,
there are not many known inhibitors of this enzyme. On the
other hand, there are three isoforms of the enoyl-ACP reduc-
tase: the NAD(P)H-dependent FabI, the NADH-dependent
FabK, and the NADPH-dependent FabL. The enoyl-ACP re-
ductases are the primary targets of triclosan (7,14) and isoni-
azid (isonicotinic acid hydrazide, INH) (9). Due to the emer-
gence of resistance to triclosan and isoniazid, there has been
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tremendous effort aimed toward the development of analogs
of the existing drugs and also novel inhibitors of the enoyl re-
ductase.

Enoyl-ACP reductases (FabI, FabK, and FabL). The
trans-2-enoyl-ACP reductase catalyzes the last step of the FA
elongation cycle and plays a key regulatory role controlling
the rate of elongation in the pathway (15). The NADH-depen-
dent FabI is the single isoform in E. coli and FabI is essential
for completion of the FA elongation cycles. The fabI(Ts) mu-
tant accumulates β-hydroxybutyryl-ACP at the nonpermis-
sive temperature (15). Antimicrobial agents such as diaza-
borine (16) and 2-hydroxydiphenyl ethers including triclosan
(7,8,14) and hexachlorophene (17) primarily inhibit FabI.
Staphylococcus aureus FabI is highly homologous to the E.
coli enzyme, but, unlike the E. coli FabI, S. aureus FabI is
specific for NADPH (17).

Streptococcus pneumoniae, Bacillus subtilis, and Pseudo-
monas aeruginosa are resistant to triclosan. Investigation of
the molecular basis of the triclosan resistance in these organ-
isms led to the discovery of two new enoyl-ACP reductases,
FabK and FabL. FabK is present in streptococci, enterococci,
and clostridia species (18,19). FabK requires NADH for ac-
tivity, does not exhibit any sequence similarity with FabI, and
is resistant to triclosan inhibiton (18,19). FabK is an FMN-
containing enzyme although it is not known if the flavin is re-
quired for the enoyl reductase activity. Because FabK is the
only isoform of enoyl-ACP reductase in S. pneumoniae, it can
serve as a specific antibiotic target for this pathogen. Bacillus
subtilis possesses two enoyl-ACP reductases, FabI and a dis-
tant FabI homolog FabL, the latter of which requires NADPH
for catalysis and is reversibly inhibited by triclosan (20). The
FabI deletion strain of B. subtilis is as sensitive to triclosan as
is the wild-type strain, whereas the FabL deletion strain be-
comes much more sensitive to triclosan, demonstrating that
FabL is responsible for the triclosan resistance in this organ-
ism (20). InhA is the enoyl-ACP reductase in Mycobacterium
tuberculosis and the primary target of the antituberculosis
drug isoniazid (INH) (9,21). Triclosan also inhibits M. tuber-
culosis by targeting InhA in both INH-susceptible and -resis-
tant strains (22).

Triclosan is a slow, tight-binding, and irreversible inhibitor
of FabI (7,8). The tight binding of triclosan to FabI is depen-
dent on the presence of the cofactor. The crystal structure of
the ternary complex of E. coli FabI-NAD+-triclosan shows
that triclosan binds to the enoyl-ACP substrate site on FabI,
and hydrophobic interactions and hydrogen bonds between
the inhibitor and both the protein and cofactor stabilize the
complex (14,23). Mutations in the FabI active site that dis-
rupt the cofactor binding site confer resistance to triclosan
(7,8,14,24,25). A mutation of Gly93 to Val in E. coli FabI
causes triclosan resistance by reducing the binding of the in-
hibitor to the enzyme. The MIC value of triclosan against the
E. coli mutant with the Gly93 to Val mutation increases 100-
fold in comparison to that of the wild-type strain. Two other
mutations, Met159 to Thr and Phe203 to Leu, also signifi-
cantly increase the triclosan resistance of E. coli (7,14). A
mutation of Phe204 (equivalent to Phe203 in E. coli FabI) to
Cys in S. aureus FabI prevents the formation of stable FabI-
triclosan-NAD+ and in turn causes triclosan resistance in the
mutant S. aureus (24).

Similar to the mechanism of triclosan inhibition, INH in-
hibits mycobacterial InhA activity by forming a covalent
complex with the bound NAD+ at the enzyme active site
(21,26). Mutations of InhA active site residues, such as Ile16
to Thr and Ser94 to Ala (equivalent to Gly93 of E. coli FabI)
decrease the enzyme affinity for NADH and INH and strains
with such mutations are resistant to INH (21). Structural stud-
ies of the InhA mutants show that INH resistance is directly
related to a perturbed hydrogen bonding network that stabi-
lizes NADH binding in the wildtype enzyme (21). An INH-
resistant strain exhibits cross-resistance to triclosan, indicat-
ing that both inhibitors bind to the InhA active site at the co-
factor binding region in a similar manner (27).

The human malaria parasite P. falciparum synthesizes FA
using a type II pathway that is similar to the bacterial FAS II.
Plasmodium enoyl-ACP reductase resembles bacterial FabI in
both the primary sequence and overall folding of the protein
(28). The parasite FabI is sensitive to triclosan and can form a
ternary complex with the inhibitor and NAD+ cofactor like its
bacterial counterparts (28,29). Triclosan efficiently inhibits P.
falcifarum growth both in vitro and in mice infected with the
parasite (13). Inhibition of acetate and malonyl-CoA incorpo-
ration into FA by triclosan both in vivo and in vitro validates
the theory that the FA synthesis pathway is the target.

With the potential for emerging resistance of bacteria to
triclosan coupled with its poor bioavailability, researchers
have begun the search for triclosan analogs and novel FabI
inhibitors. Structure-activity relationship (SAR) analyses of
triclosan analogs show that the hydroxyl group at position 2
in ring A (1, Scheme 2) is essential for triclosan activity and
cannot be replaced with methoxy group or sulfur derivatives
(28,30). Although the two ring-B chlorine atoms are not es-
sential, the chlorine atom in ring A is required for tight bind-
ing of triclosan to FabI (30). The π-π stacking interaction be-
tween ring A and the nicotinamide ring of the cofactor is also
important for stabilizing the ternary complex (28).
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SCHEME 1. FabG catalyzes the NADPH-dependent reduction of β-ke-
toacyl-acyl carrier protein (ACP) intermediates to β-hydroxyacyl-ACP in
the fatty acid elongation cycles. Three isoforms of enoyl-ACP reductase,
FabI, FabK, and FabL, catalyze the reduction of the trans-2 enoyl-ACP
to acyl-ACP using either NADH or NADPH, depending on the isoform.



New FabI inhibitors have also been identified by high-
throughput screening of compound libraries. Examples of
such leads are 1,4-disubsituted imidazoles (3, Scheme 2) and
benzodiazepines, which inhibit FabI from both E. coli and S.
aureus with submicromolar IC50 values (31,32). Their an-
tibacterial activities are attributed to FabI inhibition, and this
is confirmed by an increase in MIC in strains overexpressing
FabI (31,32). The initial screening leads are further optimized
with iterative medicinal chemistry and structure-based design
to improve the inhibitory potency. This optimization process
led to the discovery of the aminopyridine derivatives (2,
Scheme 2) as inhibitors of FabI and the triclosan-resistant
FabK (33–35). These compounds bind to the FabI active site
in a slightly different manner from that of triclosan, suggest-
ing that they will be active against triclosan-resistant strains
(35). The subtle differences in the binding characteristics may
also explain the inhibitory effect of aminopyridines against
the triclosan-resistant FabK. The indole naphthyridinones
achieve a similar spectrum of antimicrobial activity against
gram-negative pathogens in comparison to triclosan and, sig-
nificantly, have exquisite antistaphylococcal activity against
multidrug-resistant S. aureus with MIC values considerably
lower than those of the commercial antibiotics tested (33,35).
Two indole naphthyridinone derivatives have exhibited ex-
cellent in vivo efficacy in a S. aureus infection model in rats
(33,35). Because of their inhibitory activities on the triclosan-
resistant FabK, the indole naphthyridinones are also active
inhibitors of S. pneumoniae, which depends on FabK for its
enoyl-ACP redutase activity (33). Compounds with both FabI
and FabK inhibitory activity can inhibit the growth of Ente-
rococcus faecalis, which has both enoyl-ACP reductases. A
high-throughput screen against the mycobacterial InhA have

identified two compounds, Genz-8575 and Genz-10850, that
demonstrate activity against drug-resistant strains of both M.
tuberculosis and the parasite P. falciparum (22).

Bacteria can be categorized into four groups based on
which isoform(s) of enoyl-ACP reductase they have: only
FabI, such as E. coli and S. aureus; only FabK, such as S.
pneumoniae; both FabI and FabK, such as E. faecalis and P.
aeruginosa; and both FabI and FabL, such as B. subtilis. Con-
sidering the diversity of these isoforms, it is difficult to find
broad spectrum antimicrobial compounds by targeting this
enzyme. However, inhibitors of one or two isoforms can be-
come excellent antibacterials for specific pathogens. The
structure-activity relationship analyses of triclosan analogs
and the identification of additional novel inhibitors have pro-
vided valuable information about the molecular basis of inac-
tivation of enoyl-ACP reductases and serve as a guide for fu-
ture efforts to develop new inhibitors of this enzyme.

β-Ketoacyl-ACP reductase (FabG). FabG catalyzes the
NADPH-dependent reduction of the β-ketoacyl-ACP interme-
diate to β-hydroxyacyl-ACP in the elongation cycles of FAS
II. FabG has a monomeric M.W. of 25.5 kDa and exists as a
tetramer in solution (36). FabG catalyzes the keto reduction by
a compulsory ordered mechanism with the NADPH cofactor
as the leading substrate and NADP+ the last product to leave
(37,38). FabG exhibits negative cooperativity in the binding of
NADPH, and this effect is enhanced by the presence of ACP
(38). The crystal structure of E. coli FabG has been solved in
both the native form and in binary complex with NADP+

(38,39). The side chains of the active site residues, Ser138,
Tyr151, and Lys155, are in a nonproductive conformation in
the FabG native conformation without bound cofactor (38).
The structure of the binary complex of FabG with NADP+ re-
veals that binding of the cofactor leads to the reorganization of
the active site residues into a catalytically competent confor-
mation (39). A proton relay conduit is also established upon
cofactor binding to replenish the Tyr151 proton donated to the
substrate during catalysis. The MabA protein catalyzes the
NADPH-dependent reduction of the long-chain β-ketoacyl-
AcpM intermediates of FAS II in M. tuberculosis. Like E. coli
FabG, the crystal structure of MabA shows that it shares the
conserved folds of the short-chain dehydrogenase/reductase su-
perfamily (40) with additional features that allow MabA to ac-
commodate substrates with longer acyl chains.

FabG exhibits all the characteristics required to be a broad
spectrum antimicrobial target. First, only one isoform of
FabG has been identified so far. Second, FabG is ubiquitously
expressed and highly conserved in bacteria. Furthermore, it
has been shown by indirect transcriptional analysis that FabG
is essential for the growth of E. coli (41). Recently, direct ev-
idence for the essentiality of FabG has been obtained by the
isolation of temperature-sensitive (Ts) fabG mutants of E. coli
and Salmonella enterica (42). All of the point mutations in
the fabG(Ts) mutants localize to or near the interface of the
homotetrameric FabG protein, disrupting salt bridges and hy-
drogen bonds and in turn the protein’s quaternary structure at
nonpermissive temperature.
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SCHEME 2. Structures of FabI inhibitors. (1) Diphenyl ethers including
triclosan, in which R1 is a hydroxyl group and R2, R3, and R4 are each
chlorine atoms; (2) aminopyridines, in which the amide and E-double
bond is required for activity, substitution on the aminopyridine ring is
restricted to R1, and the activity is optimal when R2 and R3 are methyl
groups; (3) 1,4-disubstituted imidazoles at R1 and R2 positions.



Despite the growing collection of antibacterial agents that
inhibit the FAS II enzymes, there are a very limited number
of FabG inhibitors. We have recently evaluated plant
polyphenols such as the major green tea extract component
epigallocatechin gallate (EGCG) as FabG inhibitors (43).
EGCG and related catechins strongly inhibit FabG activity
with IC50 values between 5 and 15 µM. When tested against
FabI, EGCG shows a similar inhibitory effect on the enoyl re-
ductase (43). However, EGCG exhibits only weak antibacter-
ial activity against gram-negative bacteria with a MIC value
of 500 µM against E. coli. Overexpression of FabG and FabI
fails to rescue cells from EGCG inhibition, demonstrating
that FabG/FabI inhibition is not the sole antibacterial target
of EGCG in vivo (43). EGCG is a competitive inhibitor of
FabI and a mixed-type inhibitor of FabG, indicating that
EGCG interferes with cofactor binding in both enzymes. The
ability of EGCG and related plant secondary metabolites to
interfere with the activity of multiple NAD(P)H-dependent
cellular process may account for their numerous biological
activities.

Mycobacterial β-ketoacyl-ACP reductase (MabA) is in-
hibited by the first-line antituberculosis antibiotic INH, whose

primary target in vivo is the enoyl-ACP reductase, InhA (44).
The in vitro action of INH on MabA protein is similar to the
mechanism previously described for InhA (45,46). Oxidized
INH covalently binds to NADP+, forming an isonicotinoyl-
NADP adduct that binds to the MabA active site (44). How-
ever, overexpression of mabA fails to confer INH resistance
in vivo (47), suggesting that the most relevant INH target in
mycobacteria is InhA.

The above two groups of β-ketoacyl-ACP reductase in-
hibitors both interfere with cofactor binding and also possess
cross-inhibitory activity against the enoyl reductase. The con-
servation of the cofactor binding sites between the two reduc-
tases explains the cross reactivity of the inhibitors (Fig. 1). A
structural comparison was made with E. coli FabG-NADP+

(Protein DataBank ID 1Q7B) and FabI-NAD+ (Protein Data-
Bank ID 1C14) complexes, which exhibit a high degree of
conformational similarity at the cofactor binding site. The
structural conservation of cofactor binding between the E.
coli enzymes is also reflected in the sequence homology of
the two reductases from different species, including gram-
positive S. aureus, M. tuberculosis, and the malaria-causing
agent P. falciparum (Fig. 1C). The similarity of the cofactor
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FIG. 1. Comparison of the cofactor binding site of the two reductases of type II FA synthase
(FAS II). The crystal structures of Escherichia coli FabG (panel A, Protein DataBank ID 1Q7B)
and FabI (panel B, Protein DataBank ID 1C14) with bound cofactor were used to compare the
binding sites of NAD(P)H. Three regions involved in the cofactor binding (labeled I, II, and III)
are conformationally conserved between the E. coli FabG and FabI. The bound cofactor
NAD(P)+ was shown in cyan, helices of the protein were colored orange, and β-sheets and
coils were colored lime. The amino acid sequences of the three regions for cofactor binding
are homologous between FabG and FabI from different species, including gram-negative E.
coli, gram-positive Staphylococcus aureus, Mycobacterium tuberculosis, and Plasmodium fal-
ciparum (panel C). The three segments of sequence shown correspond to the three domains in
the structure diagram. In block II, X6 indicates a six-residue insertion (SFDTAN) in PfFabI. The
completely conserved residues were highlighted in black and the conservatively substituted
residues were highlighted in gray. The numbers at the beginning and end of each segments are
the E. coli proteins’ numbering. Note that in M. tuberculosis, β-ketoacyl-ACP reductase is
MabA and the enoyl reductase is ImhA.



binding site between the two reductases allows structure-
based drug design of new inhibitors that could potentially tar-
get both enzymes by interfering with cofactor binding. The
existence of multiple targets can increase the efficacy of the
inhibitors and decrease the likelihood of development of drug
resistance in bacteria.

DISCUSSION AND FUTURE PROSPECTS

Bacterial enoyl-ACP reductase has been extensively exploited
as an antimicrobial target and there are some good antimicro-
bials that inhibit this enzyme, such as triclosan and INH. How-
ever, it is hard to find inhibitors with broad antibacterial spec-
trum by targeting the enoyl-ACP reductase because of the ex-
istence of multiple isoforms and their distribution among
different organisms. On the other hand, the relatively un-
touched β-ketoacyl-ACP reductase may prove to be an excel-
lent target for broad spectrum antimicrobials because there is
only one highly conserved isoform of this enzyme. Structure-
based design of FabG inhibitors and high-throughput screen-
ing of chemical libraries should help researchers discover novel
antibiotics to combat the emerging drug-resistant infections.
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ABSTRACT: Stearoyl-CoA desaturase (SCD) is a regulatory en-
zyme in lipogenesis, catalyzing the rate-limiting step in the
overall de novo synthesis of monounsaturated FA, mainly oleate
and palmitoleate from stearoyl- and palmitoyl-CoA, respec-
tively. Oleate and palmitoleate are the major monounsaturated
FA of membrane phospholipids, TG, wax esters, cholesterol es-
ters, and alkyldiacylglycerol. Several SCD gene isoforms (SCD1,
SCD2, SCD3, and SCD4) exist in mice, and two have been char-
acterized in humans. SCD1 gene expression in liver cells is reg-
ulated by numerous stimuli including diet and hormones. We
are interested in why SCD is such a highly regulated enzyme
even though oleate, the major product of this enzyme, is one of
the most abundant FA in the diet and is therefore readily avail-
able. Dietary oleate is also well known for its TG-lowering ef-
fects and, as a major component of olive oil, is expected to have
beneficial effects. However, high SCD activity has been impli-
cated in diabetes, obesity, atherosclerosis, and cancer in sev-
eral animal models; therefore, the role that de novo oleate plays
in these disease states has to be carefully evaluated. By using
SCD1–/– mice, which are deficient in tissue oleate, we begin to
learn more about the physiological role of SCD gene expression
and oleate in normal and disease states.

Paper L9589 in Lipids 39, 1061–1065 (November 2004)

EXPRESSION AND REGULATION OF STEAROYL-COA
DESATURASE 1 GENES

Stearoyl-CoA desaturase (SCD) is an endoplasmic reticulum
enzyme that catalyzes the biosynthesis of monounsaturated
FA from saturated FA that are either synthesized de novo or
derived from the diet. SCD in conjunction with NADH, the
flavoprotein cytochrome b5 reductase, and the electron accep-
tor cytochrome b5, as well as molecular oxygen, introduces a
single double bond in a spectrum of methylene-interrupted
fatty acyl-CoA substrates. The preferred substrates are palmi-
toyl- and stearoyl-CoA, which are converted into palmi-
toleoyl- and oleoyl-CoA, respectively (1–6). These products
are the most abundant monounsaturated FA in various kinds
of lipids, including phospholipids, TG, cholesteryl esters, wax
esters, and alkyldiacylglycerols (7–10). Apart from being
components of lipids, monounsaturated FA also serve as me-

diators of signal transduction and cellular differentiation, in-
cluding neuronal differentiation (11–13). Oleate has been
shown to regulate food intake in the brain (14). Monounsatu-
rated FA also influence apoptosis (15) and may have some
role in mutagenesis in some tumors (16). Therefore, given the
multiple roles of monounsaturated FA, variation in stearoyl-
CoA desaturase activity in mammals would be expected to
affect physiological variables including differentiation, in-
sulin sensitivity, metabolic rate, adiposity, atherosclerosis,
cancer, and obesity.

The genes for SCD have been cloned from different
species including yeast, drosophila, Caenorhabditis elegans,
sheep, fish, hamster, rat, mice, and humans (5–6). In mice,
four isoforms (SCD1, SCD2, SCD3, and SCD4) have been
identified (17–19), whereas in rats, two isoforms have been
characterized (20). Two SCD isoforms have been character-
ized in humans (21,22). In many different mouse strains, all
of the SCD genes are localized in close proximity on chromo-
some 19 (23). Although the mouse isoforms share 85 to 88%
identity in their amino acid sequence (5–6), their 5′-flanking
regions differ somewhat, resulting in divergent tissue-specific
gene expression.

Under normal dietary conditions, SCD1 mRNA is highly
expressed in white adipose tissue, brown adipose tissue
(BAT), meibomium gland, Harderian gland, and preputial
gland (5,9,24) and is dramatically induced in liver and heart
in response to a high-carbohydrate diet (18,25,26). The SCD1
isoform is also induced by cholesterol (27–29), LXR agonists
(19), vitamin A (30,31), and peroxisomal proliferators (32).
On the other hand, PUFA, thyroid hormone, glucagon, thia-
zolidinediones, and leptin repress the expression of SCD1
(18,33–37). PUFA, especially the n-3 series, are such potent
repressors of SCD1 in liver that when added to diets they
override the stimulatory effects of high carbohydrates on
SCD1 gene expression (25). The SCD2 isoform is predomi-
nantly expressed in brain (18) and is developmentally induced
during neonatal peripheral myelination (38). Similar to
SCD1, SCD2 mRNA is expressed to a lesser extent in kidney,
spleen, lung, and heart, where it is induced in response to a
high-carbohydrate diet (18). In addition, SCD2 mRNA is ex-
pressed in B-cells and is down-regulated during lymphocyte
development (39,40). In some tissues, such as adipose and
eyelid, both SCD1 and SCD2 genes are expressed, whereas
in skin, Harderian glands, and preputial gland SCD1, SCD2,
and SCD3 gene isoforms are expressed (5,9). SCD4 is mainly
expressed in the heart, where it is induced by high-carbohy-
drate feeding and LXRα agonists but not repressed by PUFA
(19). In the heart, leptin represses SCD4 but not SCD1 or
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SCD2 expression (19). In skin, SCD1 expression is restricted
to the undifferentiated sebocytes, whereas SCD3 is expressed
mainly in the differentiated sebocytes (41). SCD2 is ex-
pressed in hair follicles (41). The reason for expression of two
or more SCD isoforms in the same tissue is not known but
seems to be related to the substrate specificity of the isoforms
and their regulation by hormonal and dietary factors through
tissue-specific expression (4–6).

ROLE OF SCD1 ISOFORM IN METABOLISM

Dietary oleate is well known for its TG-lowering effects and,
being a major component of olive oil, it is expected to have
beneficial effects. However, high SCD activity has been im-
plicated in diabetes, obesity, atherosclerosis, and cancer in
several animal models; therefore, the role that de novo syn-
thesized oleate plays in these disease states has to be carefully
evaluated. To investigate the physiological function of SCD
and oleate in normal and disease states, we created mice with
a targeted disruption of the SCD1 gene (SCD1–/–) (8). We
established that SCD1–/– mice have reduced body adiposity,
increased insulin sensitivity, and are resistant to diet-induced
weight gain relative to wild-type mice (42). The resistance to
diet-induced obesity is due to increased energy expenditure
and thermogenesis (42,43). The thermogenesis is through ac-
tivation of the β3-adrenergic receptor-mediated pathway (Fig.
1). In SCD1–/– mice, the expression of several genes encod-
ing enzymes of FA oxidation are up-regulated, whereas genes
encoding enzymes of lipid synthesis are down-regulated (42).
The mechanisms by which SCD deficiency leads to these
metabolic changes are presently unknown.

Role in lipid biosynthesis. Feeding high-carbohydrate diets
induces FA and TG synthesis in both humans and rodents

(44). The induction of hepatic FA and TG synthesis is medi-
ated by sterol regulatory element binding protein-1c (SREBP-
1c). SREBP belong to the basic helix-loop-helix family of
transactivators and act on genes containing novel sequences
called sterol response elements (SRE) in their promoter re-
gions and activate their transcription (45). There are three
SREBP isoforms. SREBP-1a and 1c are encoded by the same
gene and differ at their N-terminus, whereas SREBP-2 is en-
coded by a separate gene. SREBP-1c is the predominant iso-
form in rodent and human liver and is now recognized as a
key regulator of FA and TG synthesis in response to insulin.

We showed recently that when fed to SCD1–/– mice, a
high-carbohydrate diet does not induce SREBP-1c or li-
pogenic gene expression, and liver TG levels are not in-
creased (46). The failure to induce lipogenic gene expression
could not be rescued by supplementing the diet with 5% by
weight of oleate normally present in the diet. However, very
high levels of oleate (20% by weight) supplemented to a high-
fructose diet followed by long-term feeding increased the
mRNA levels for SREBP-1c and lipogenic genes and in-
creased plasma TG, but not to levels found in the wild-type
mice fed the fructose diet. These results suggest that the en-
dogenously synthesized oleate is a more readily accessible
FA pool than the dietary pool for the synthesis of TG and reg-
ulation of lipogenic gene expression. 

The fructose diet supplemented with 20% tripalmitin
(16:0), tristearin (18:0), or trilinolein (18:2n-6) did not in-
crease the mRNA levels for SREBP-1c and lipogenic genes
in SCD1–/– mice and the liver TG levels were not increased.
The inability of triolinolein to increase SREBP1 gene expres-
sion was not unexpected since PUFA in general repress
SREBP1 gene expression and protein maturation in vitro and
in vivo (47,48). Supplementation of the diet with tristearin or
tripalmitin did not increase TG. Surprisingly, the content of
the 16:0 or 18:0 FA did not increase in the SCD1–/– mice
upon tripalmitin or tristearin supplementation, respectively,
although the food intake was similar between the wild-type
and SCD1–/– mice. The fate of these saturated FA is not clear
at the moment, but we speculate that in oleate deficiency, they
are channeled into FA β-oxidation so that a constant ratio of
monounsaturated to saturated FA is maintained. 

Role in lipid oxidation. Loss of SCD1 function activates
genes of FA oxidation (42). Most of these genes, which in-
clude acyl-CoA oxidase, very long chain acyl-CoA dehydro-
genase, carnitine palmitoyltransferase-1 (CPT-1), and fasting-
induced adipocyte factor, are known targets of peroxisome
proliferator-activated receptor-α (PPARα) (49,50) and contain
PPARα response regions in their promoters (51–53). Because
PPARα is a key transcription factor that induces the transcrip-
tion of β-FA oxidation and thermogenic genes, we hypothe-
sized that SCD1 deficiency may generate a PPARα ligand and
that upon activation of the receptor, the transcription of
PPARα-target genes would be activated, leading to increased
FA β-oxidation. However, when we crossed the SCD1–/–
mice with the PPARα-null mice, we found that the double
knockout (SCD1–/–/PPARα−/−) mice were still protected
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FIG. 1. Mechanism of reduced adiposity in the SCD1–/– mouse. The
mechanisms of AMP-activated kinase (AMPK) activation and β3-adren-
ergic receptor (β3-AR) activation by SCD1 deficiency are not known at
present. SCD, stearoyl-CoA desaturase.



against adiposity, had increased energy expenditure, and had
maintained high expression of PPARα-target genes in liver
and BAT (46). The findings indicated that the increased ex-
pression of PPARα target genes associated with SCD1 defi-
ciency is independent of activation of the PPARα pathway.
The signals induced by SCD1 deficiency leading to increased
expression of FA oxidation genes are therefore not known.

Leptin is an adipocyte-derived hormone that plays a piv-
otal role in regulating food intake and energy expenditure.
Leptin stimulates the oxidation of FA and uptake of glucose
and reduces the accumulation of lipids in non-adipose tissues.
Recently, leptin was found to repress RNA levels and enzy-
matic activity of SCD1 in liver (37). Ob/ob mice with SCD1
mutations were significantly less obese than ob/ob controls
and had markedly increased energy expenditure with reduced
TG storage in liver (37). However, the signaling pathways
that mediate the metabolic effects of leptin remain largely un-
known. We hypothesized that leptin acts in part by suppressing
SCD1 activity, which in turn activates a metabolic pathway that
promotes FA oxidation. Leptin has been found to selectively
stimulate phosphorylation and activation of the α2 catalytic
subunit of AMP-activated protein kinase (AMPK), an en-
zyme that has been found to be a principal mediator of the ef-
fects of leptin on FA oxidation in muscle (54). However, the
effects of leptin on AMPK in liver are not fully known. We
recently found that SCD1 deficiency also activates AMPK,
leading to increased acetyl-CoA carboxylase (ACC) phospho-
rylation, a well-known mechanism for ACC inactivation,
thereby resulting in reduced malonyl-CoA levels (55). The
reduction in malonyl-CoA levels derepresses CPT-1 leading
to an increase in the transport of FA into mitochondria and
their subsequent oxidation. Since SCD1 gene expression is
repressed by leptin in liver and SCD1 deficiency has been
shown to mimic the metabolic effects of leptin in ob/ob mice
(37), we hypothesized that activation of AMPK by SCD1 de-
ficiency in liver was leptin-dependent. Instead, we found that
the activation of AMPK in the liver of SCD1–/– mice is leptin-
independent because increased AMPK phosphorylation and
enzymatic activity, and increased ACC phosphorylation were
still observed in the livers of abJ/abJ;ob/ob double mutant
mice (55). AMPK activation also suppresses the expression
of SREBP-1c, a key transcription factor regulating genes of
FA and TG biosynthesis (56), suggesting that the reduction in
lipid synthesis observed in SCD1 deficiency could be medi-
ated by AMPK activation. The observations indicate that
SCD1 expression is involved in regulating AMPK function
in mouse liver. The mechanism of AMPK activation in SCD1
deficiency is currently unknown.

The recent studies using the knockout mouse models have
revealed the phenotypes generated as a result of SCD1 gene
deficiency. SCD1 expression is critical in the biosynthesis of
TG. When SCD1 expression is high, such as in response to
high-carbohydrate diets and insulin, the switch is flipped in
the direction of storing fat. When SCD1 expression is low,
such as in response to diets rich in PUFA, the switch is flipped
in the direction of burning fat (57). The mechanisms are not

yet fully worked out, but we propose that through the activa-
tion of AMPK, SCD1 deficiency induces a signal that parti-
tions FA toward oxidation rather than synthesis and that
through activation of the β3-adrenergic receptor, SCD1 defi-
ciency increases energy expenditure and thermogenesis (Fig.
1). The combined effect of these processes results in a de-
crease in adiposity. SCD1 therefore appears to be an impor-
tant metabolic control point and is emerging as a promising
therapeutic target that could be used in the treatment of obe-
sity, diabetes, and other metabolic diseases.
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ABSTRACT: Long-chain PUFA such as eicosapentaenoic and
docosahexaenoic acids are prevalent in fish oils, and these
compounds have been demonstrated to play important roles in
human health and nutrition. In particular, these n-3/omega-3
long-chain PUFA provide protection from cardiovascular dis-
ease and a collection of symptoms (termed metabolic syn-
drome) associated with progression toward type 2 diabetes and
obesity. Within Western populations, a large increase in the oc-
currence of these conditions represents a major public health
concern. Unfortunately, both marine fish stocks and (conse-
quentially) consumption of fish oils are in steep decline, limit-
ing the protective role of long-chain PUFA in human health.
One alternative approach to the provision of these health-bene-
ficial FA is via their synthesis in transgenic plants. This review
will describe recent advances in the production of transgenic
plant oils nutritionally enhanced to produce long-chain PUFA.

Paper no. L9606 in Lipids 39, 1067–1075 (November 2004).

It is now clear from a plethora of scientific publications that
human diet plays a central role in our acquisition of (or pro-
gression to) diseased states; for recent reviews see (1,2). Al-
though this observation may have already been perceived as an
intuitive truth, controlled clinical studies have now identified
multiple important components of the human diet (3,4). More
recently, the significance of genetic makeup in the responsive-
ness of an individual or population to any particular dietary
regime has also revealed so-called “diet–gene” interactions (5).
The completion of the human genome sequence and the paral-
lel genotyping of large numbers of individuals have revealed
considerable genetic variation among humankind globally; it is
estimated that there are in excess of 5 million polymorphisms
in the human population, with these variations mainly taking
the form of single nucleotide polymorphisms (6). It is therefore
also important (if slightly daunting) to consider these genetic
components in our attempts to understand and modulate human
health through optimizing our diet (7).

Among the first clear examples identified as being impor-
tant components of the human diet were the so-called EFA
linoleic acid (18:2n-6; LA) and α-linolenic acid (18:3n-3;
ALA). Initial work by Burr and Burr (8,9) demonstrated the
importance of these FA in the mammalian diet. Forty years
later, Bang, Dyerberg, and colleagues (10,11) studied the role

of diet–gene interactions in their pioneering study on the
prevalence of cardiovascular disease (CVD) in Inuit (Eskimo)
communities whose diet was rich in oily fish. These data led
the authors to campaign for large-scale dietary intervention
studies to determine the efficacy of diets rich in fish oils con-
taining n-3 long-chain PUFA (LC-PUFA). As a result of these
studies, it is now widely accepted that n-3 LC-PUFA are not
only a pivotal component of the human diet, but they are also
actively health-beneficial, providing a protective role against a
range of diseases (and progressions to diseased states) (4,12).
Such human pathologies include not only CVD but also “meta-
bolic syndrome,” which is a collective description for a num-
ber of indicators of risk of type 2 diabetes and obesity (13).
These indicators (such as high blood pressure, high plasma
TAG, and abnormal fasting blood glucose) are more and more
prevalent in Western populations, and although the precise
(presumably multifactorial) causes of these symptoms are un-
clear, they are of considerable concern. In particular, the appar-
ent increases in both obesity and type 2 diabetes represent a
major public health problem (13). However, the observation
that n-3 LC-PUFA can provide some degree of pangenotypic
protection from these diseases has focused research on the
biosynthesis and production of these important FA (14).

Currently, LC-PUFA for human nutrition are primarily
from fish oil sources, although there is also a considerable mi-
nority market for microorganism-derived LC-PUFA (14). In
particular, two LC-PUFA found in fish oils, eicosapentaenoic
acid (20:5n-3; EPA) and docosahexaenoic acid (22:6n-3; DHA),
are known to play an active role in the prevention of both CVD
and metabolic syndrome (13,14). It has been shown that a mod-
est intake of fatty fish may reduce mortality in men who have
recovered from myocardial infarction (15). The GISSI (Gruppo
Italiano per lo Studio della Sopravvivenza nell’Infanto Mio-
cardico)-Prevenzione trial confirmed these findings in a large
intervention study in patients surviving myocardial infarction
(4). Treatment with n-3 LC-PUFA significantly lowered the risk
of CVD and death. Dietary EPA and DHA reduce blood coagu-
lation, blood lipids, and blood pressure and have antiarrhyth-
mic effects in adults. They may increase HDL cholesterol,
suppress inflammatory and allergic processes, and benefit
mental disorders (3,16,17). Unfortunately, just as the impor-
tance of n-3 LC-PUFA is finally being recognized by health
protection agencies and the general public at large, the natural
resources that provide these oils have been grossly overex-
ploited. For example, stocks of common marine fish in north-
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ern Europe have been overfished for decades, resulting in con-
tinual reduction in catch size (in terms of both numbers and
maturity of fish) (14,18). Thus, there is considerable pressure
to identify a sustainable source of important fish oil FA such
as DHA and EPA for use in the protection and improvement
of human health.

LC-PUFA IN HUMAN DIETS

The synthesis of LC-PUFA is usually carried out by an aero-
bic process involving the sequential introduction of double
bonds and two-carbon elongation into a FA substrate, although
an anaerobic process similar to polyketide synthesis has been
described in several marine microorganisms (19,20) In the case
of mammals, this process is dependent on the dietary intake of
LA and ALA (hence their already-mentioned designation
EFA), since higher animals have lost the capacity to synthesize
these FA (21). Moreover, the efficiency of LC-PUFA biosyn-
thesis in mammals, in terms of the conversion of dietary EFA
to EPA or DHA, appears to be relatively poor, emphasizing the
desirability of supplementing this endogenous biosynthetic
route with dietary LC-PUFA. This appears to be particularly
critical at certain stages of human life; for example, LC-PUFA
are important in the development of ocular vision in infants and
may also play a role in aspects of neurological and brain devel-
opment (22), and at the other end of the human life span, these
same LC-PUFA may help alleviate a number of symptoms in
geriatric patients (23). These data are in addition to those of in-
tervention studies such as the GISSI-Prevenzione trial (4),
which demonstrated the role of relatively modest (<1 g/d) con-
sumption of n-3 LC-PUFA in protection against CVD. Cur-
rent recommendations for regular dietary consumption of n-3
LC-PUFA vary, but are usually in the range 0.2–0.5 g/d
(12–14).

As mentioned above, the primary dietary source of LC-
PUFA is via fish-derived oils. Fish have a similar inefficient
LC-PUFA biosynthetic pathway, depending on the dietary ac-
quisition of FA to supplement their endogenous synthesis (24).
However, the aquatic environment is rich in microorganisms
that synthesize (with high efficiency) n-3 LC-PUFA such as
EPA and DHA. Thus, it is via the consumption of these n-3
LC-PUFA-rich microbes that fish accumulate (either directly
or via carnivorous consumption of other fish) EPA and DHA,
rather than via any innate capacity for their synthesis. This
progression of n-3 LC-PUFA up the aquatic food web has im-
plications for attempts to supplement fish stocks by aquacul-
ture (i.e., fish farming), not least of all because farmed fish still
require dietary n-3 LC-PUFA (18). Aquaculture is currently
the largest consumer of fish-derived oils, and so is clearly not
capable of operating in a sustainable manner. Conversely, the
greater part of human dietary FA intake is in the form of plant-
derived “vegetable” oils rich in LA and ALA. However,
higher plants lack the capacity to synthesize LC-PUFA, and
so oils derived from them are devoid of FA such as EPA and
DHA. It is for this reason that vegetable oils are unable to sub-
stitute for fish oils in aquaculture (25). Moreover, most plant

oils are rich in n-6 FA such as LA, rather than the n-3 ALA.
The preponderance of vegetable oils in the modern diet has re-
sulted in a dietary “flood” of n-6 FA, with a ratio of n-6/n-3 of
greater than 10:1. This contrasts considerably with the human
diet of ~150 years ago, which probably reflected a ratio of 2:1,
and was more likely to contain fish oils rich in n-3 LC-PUFA
(22).

Considering all of the factors just described, it seems that
there is ample evidence for the health-beneficial properties of
dietary consumption of n-3 LC-PUFA such as EPA and DHA.
Simultaneously, the overexploitation of natural reserves has
precipitously affected marine fish stocks to a point where they
are predicted to be unviable. This imminent reduction or ab-
sence of fish oils should therefore be considered a major driver
for seeking and developing alternative sources of LC-PUFA.
One approach that we believe is now emerging as a viable and
sustainable source of LC-PUFA is the genetic engineering of
plants to synthesize these FA (26–28). The remainder of this
article will review the latest progress on the process of “reverse
engineering” plants to synthesize and accumulate these non-
native FA.

TOWARD THE REVERSE ENGINEERING OF LC-PUFA
BIOSYNTHESIS

As outlined in the previous section, higher plants do not usu-
ally synthesize LC-PUFA, although over 400 different types
of FA have been identified across the collective taxa of the
plant kingdom. The vast majority of this chemical diversity
in FA is found in the TAG of seed oils, presumably to com-
partmentalize these unusual FA away from the phospholipid
membranes (27). Paradoxically, most of the plant enzymes
identified as mediating the synthesis of these unusual FA uti-
lize glycerolipid-linked acyl chains as their substrates, indi-
cating the presence of (multiple) enzymes responsible for the
channeling of FA from one form of lipid to another. The pres-
ence of compartmentalized storage lipids in the form of TAG
is also of potential benefit in attempts to introduce non-native
FA into a transgenic oilseed, as it may represent a “sink” into
which the desired product (e.g., n-3 LC-PUFA) could be
channeled, thus avoiding interference with endogenous bio-
logical processes such as membrane bilayer composition and
oxylipin synthesis (29).

The process of generating transgenic plants producing n-3
LC-PUFA requires the heterologous reconstitution of the
biosynthetic pathway in the new host. This in turn depends on
the identification and functional characterization of the genes
encoding this biosynthetic pathway from an appropriate LC-
PUFA-synthesizing organism (such as a marine microorgan-
ism), followed by the transfer of these genes to the new host
(a transgenic plant). In that respect, the process could be con-
sidered analogous to reverse engineering, a term used to 
describe the dismantling of a system to facilitate understand-
ing, improvement, and replication of the system’s processes
and output. Whereas reverse engineering is generally associ-
ated with the computing and electronics industries, it also
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serves as a useful descriptor for attempting to produce n-3 LC-
PUFA in transgenic plants. In particular, dictionary exemplifi-
cation of the term states, “Reverse engineering is usually under-
taken in order to redesign the system for better maintainability
or to produce a copy of a system without access to the design
from which it was originally produced.” This latter sentence encap-
sulates the challenges of attempting to reconstitute n-3 LC-PUFA
biosynthesis in transgenic plants.

The last decade has witnessed considerable progress in the
identification of the genes involved in LC-PUFA biosynthesis
(see Ref. 27 for a recent review). Prior to the first identifica-
tion of the microsomal FA ∆6-desaturase in 1997 (30), no
molecular identification of any LC-PUFA biosynthetic en-
zyme had been successfully achieved, despite considerable
efforts. Since then, all the activities involved in this biochemical
pathway have been functionally characterized at the molecu-
lar level. To some extent, these advances have been facilitated
by the plethora of genomic and transcript sequences now
available, but they also reflect the considerable interest in n-3
LC-PUFA biosynthesis per se. These genes (and the polypep-
tides they encode) can be classified into the two distinct en-
zymatic reactions that catalyze the primary biosynthetic
process. The first of these is the microsomal FA desaturases,
which underpin LC-PUFA biosynthesis (31). These LC-
PUFA desaturases belong to the N-terminal cytochrome b5
fusion superfamily, and the presence of this diagnostic N-ter-
minal electron transport domain may be associated with the
“front-end” desaturation process catalyzed by these enzymes
(32). Many LC-PUFA desaturases have been identified from
animals, fungi, and algae, and also from the few plant species
that carry out limited PUFA desaturation (primarily ∆6-desat-
uration of LA and ALA). One crucial observation regarding
these microsomal desaturases is that very many of these en-
zymes utilize glycerolipid-linked substrates, in particular FA
at the sn-2 position of PC. For recent reviews of progress in
the characterization of LC-PUFA desaturases, see Napier et
al. (31) and Sperling et al. (32).

The second key enzymatic reaction in the synthesis of LC-
PUFA is elongation, which also occurs in the microsomes.
Elongation, in which a C18 substrate FA (usually containing a
“front-end” ∆6-desaturation) is C2-elongated to yield the C20
PUFA, comprises the activities of four distinct and sequential
enzymes, namely, condensation (of malonyl-CoA and the
PUFA acyl-CoA), β-ketoreduction, dehydration, and enoyl-
reduction (21). Additional rounds of elongation then occur to
synthesize C22 and C24 LC-PUFA. In contrast to microsomal
desaturation, microsomal elongation requires acyl-CoA sub-
strates. A number of open reading frames (ORF) from LC-PUFA-
synthesizing organisms such as Caenorhrabditis elegans and
Mortierella alpina were identified as elongating activities by
“gain-of-function” (i.e., acquisition of the ability to elongate
C18 PUFA) in yeast (33,34). These nematode and fungal ORF
showed homology to the yeast ELO genes, which are required
for the synthesis of saturated very long chain (VLC) FA found
in sphingolipids. Although the ELO-like genes are assumed
to be condensing enzymes, this remains to be demonstrated

unequivocally (23). Perhaps one of the more surprising ob-
servations in the identification of the ELO-like PUFA-elon-
gating activities was that the expression of these single ORF
was still able to reconstitute a PUFA-specific elongase; there
was no requirement for the co-expression of any other (het-
erologous) components of the elongase. The identification of
PUFA-specific elongating activities as members of the ELO-
like gene family capable of reconstituting LC-PUFA elonga-
tion in yeast has facilitated the rapid cloning and functional
characterization of LC-PUFA elongating activities from a
number of species including mammals, fungi, and aquatic
algae (27). For recent reviews on the identification and phy-
logenetics of the ELO gene family see Leonard et al. (23).

All the primary biosynthetic enzymes required for LC-
PUFA synthesis have been identified and functionally charac-
terized from a wide range of organisms (27). These include the
cytochrome b5 fusion desaturases of the so-called conventional
pathway (see Fig. 1), in which the first committed step is the
∆6-desaturation of LA or ALA to yield γ-linolenic acid (18:3n-6;
GLA) and stearidonic acid (18:4n-3; STA), respectively. These
∆6-desaturated FA are then elongated by a specific elongating
activity to yield di-homo-γ-linolenic acid (20:3n-6; DHGLA)
and eicosatetraenoic acid (20:4n-3; ETetA), respectively, with
these products then undergoing ∆5-desaturation to generate
arachidonic acid (20:4n-6; ARA) and EPA. Importantly (es-
pecially from a human nutrition perspective), mammals have
no capacity to convert n-6 FA to n-3 forms, whereas many
lower organisms contain ω3-desaturases capable of perform-
ing this reaction (21). Recently, we and others have focused on
the so-called alternative pathway for the synthesis of ARA and
EPA, which has been described in a number of microorgan-
isms. This biosynthetic pathway utilizes the same substrates
(LA and/or ALA) but instead commences with the C2-elongation
of these FA, mediated by a specific C18 ∆9-elongating activity
(27). This reaction yields eicosadienoic acid (20:2n-6; EDA)
and eicosatrienoic acid (20:3n-3; ETriA), which then undergo
∆8-desaturation to yield DHGLA and ETetA. These two prod-
ucts are then ∆5-desaturated as for the conventional pathway.
Although the alternative ∆9-elongase/∆8-desaturase pathway
differs in the order of reactions, the enzymes mediating this
process are closely related (in terms of sequence similarity) to
those of the conventional pathway.

Recently, the genes encoding the biosynthetic enzymes re-
quired for the synthesis of DHA from EPA have additionally
been identified. Previously, it was considered that the synthesis
of DHA occurred via two C2-elongation reactions, ∆6-desatura-
tion and peroxisomal β-oxidation (the so-called Sprecher shunt)
(23). This somewhat complicated biosynthetic route appears to
be prevalent in mammals, but a simpler system has been identified
in a number of DHA-synthesizing algal species. In these aquatic
microbes, DHA is synthesized by the specific ∆5-elongation of
EPA (to yield docosapentaenoic acid, 22:5n-3), which is then
∆4-desaturated to yield DHA. Several ∆4-desaturases have re-
cently been isolated and functionally characterized (14,27),
and very recently, the ∆5-elongating activity has been identified
(35,36). Again, the desaturase and elongating activity required
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for DHA synthesis are closely related to the ORF required for
the synthesis of ARA and EPA, and as such likely to indicate
a common ancestry.

In conclusion, all the primary biosynthetic components re-
quired for the synthesis of the C20 PUFA ARA and EPA, as
well as the C22 PUFA DHA have now been identified. All these
components can be categorized as either cytochrome b5-fusion
“front-end” desaturases or ELO-like elongating activities.

THE SUCCESSFUL SYNTHESIS OF LC-PUFA 
IN TRANSGENIC PLANTS

As described in the previous section, there is considerable
need to identify an alternative source of LC-PUFA to replace
the decreasing marine fish stocks and serve human nutritional
requirements. Over the last 20 years, the advent of plant ge-
netic engineering has opened new opportunities for genetic
approaches to crop improvement. One major target for such
projects has been the nutritional enhancement of plants, in
particular the lipids and FA found in oilseeds (29,37). Al-
though there are many examples of genetically engineered
plants with so-called input traits (i.e., herbicide tolerance, in-
secticidal properties, etc.), there are far fewer for output traits
such as nutritional enhancement (38). This is perhaps unfor-
tunate, since the consumer benefits of herbicide tolerance are

less obvious than (for example) the production of health-pro-
moting FA, especially when the general public remains skep-
tical of the use of genetic modification (GM). Several reports
have now been published regarding improving the vitamin E
content of plants (38,39), and the feasibility of manipulating
endogenous plant FA composition has previously been
demonstrated (37). Importantly, two studies on the produc-
tion of LC-PUFA have recently confirmed the possibility of
making these products in transgenic plants, although each uti-
lized distinct strategies toward the efficient reconstitution of
the process.

The first study utilized the alternative pathway, after the
serendipitous isolation of a C18 ∆9-elongase from the marine
alga Isochrysis galbana, an organism not previously de-
scribed as utilizing the alternative LC-PUFA biosynthetic
route (40). The second reaction in the alternative pathway, the
C20 ∆8-desaturase, had been isolated from the freshwater alga
Euglena gracilis (41). The identification of the Isochrysis C18
∆9-elongating activity provided an opportunity to assess the
function of a heterologous PUFA elongase in transgenic
plants, since appropriate substrates for the elongase would be
present (i.e., LA and ALA CoA esters). Expression of the
Isochrysis C18 ∆9-elongase in transgenic Arabidopsis under
the control of the constitutive CaMV 35S promoter resulted
in the synthesis of EDA and ETriA, with their accumulation
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FIG. 1. Generalized representation of long-chain PUFA (LC-PUFA) biosynthesis. The conventional ∆6-
desaturase/elongase pathway for the synthesis of arachidonic acid and eicosapentaenoic acid from the EFA linoleic
and α-linolenic acids is shown, as is the alternative ∆9-elongase route. The ∆5-elongase/∆4-desaturase route for do-
cosahexaenoic acid synthesis is also indicated (boxed), as is the potential role of ω3-desaturation in the conversion
of n-6 substrates to n-3 forms. The “substrate dichotomy” of PUFA biosynthesis is represented via solid arrows for
glycerolipid-linked reactions and open arrows for acyl-CoA reactions.



to significant levels (~15% of total FA) in all vegetative tis-
sues (42). These data demonstrated the efficient reconstitution
of an LC-PUFA elongase in transgenic plants, and confirmed
the feasibility of engineering transgenic plants to accumulate
C20 FA. In particular, it was clear that although C20 di- and
trienoic FA accumulated to relatively high levels, this did not
result in any disruption to normal plant form or function (42).
This was in contrast to previous studies on the constitutive ex-
pression of the Arabidopsis FAE1 gene, a condensing enzyme
responsible for the synthesis of C20–22 monounsaturated FA in
seed lipids, which resulted in profound disruptions to plant
morphology when levels of >10% C20 + monounsaturates
were present in vegetative tissue (43). A more detailed analy-
sis of the distribution of EDA and ETriA in transgenic Ara-
bidopsis expressing the Isochrysis ∆9-elongase has revealed a
number of insights into the channeling of FA into different
lipid classes (44). For example, the levels of EDA vs. ETriA
vary among different tissues, and do not necessarily reflect
the ratios of the elongase substrates (LA and ALA). More-
over, the accumulation (and ratio) of the two novel FA differs
dramatically for different lipid species. For example, n-3
ETriA was particularly abundant in the plastidial galactolipid
DGDG, accumulating to almost 30% of the total FA at the sn-1
position. Conversely, n-6 EDA was the predominant C20 FA in
phospholipids, and accumulated to ~20% of total FA present at
the sn-2 position of either PC or PA (44). It might be possible
to explain some of the galactolipid ETriA levels via the activ-
ity of the plastidial ω3-desaturases FAD7 and FAD8 (assum-
ing they can utilize C20 substrates). However, it is also likely
that lipids containing novel C20 FA are incorporated into
DAG via the microsomal Kennedy pathway, and then incor-
porated in galactolipids via the action of plastidial MGDG
and DGDG synthases. It is of interest that high levels of EDA
were detected at the sn-2 position of PC, consistent with the
reacylation of elongated LA. Such a process would be central
to efficient reconstitution of C20 LC-PUFA biosynthesis, since
front-end desaturation usually occurs on glycerolipid-linked
substrates, in contrast to the cytosolic acyl-CoA-dependent
elongation reaction (45). 

The observation that the Isochrysis ∆9-elongase was capa-
ble of directing the synthesis of significant levels of EDA and
EtriA prompted us to attempt to fully reconstitute the alterna-
tive LC-PUFA biosynthetic pathway for ARA and EPA (see
Fig. 1). We therefore coexpressed the Isochrysis ∆9-elongase
with the Euglena ∆8 desaturase and the M. alpina ∆5-desaturase;
each transgene was under the control of the same constitutive
35S promoter, and the different constructs were introduced into
Arabidopsis by sequential transformation using different selec-
table markers (42). The resulting transgenic plants were morpho-
logically indistinguishable from wild type Arabidopsis, although
analysis of their FA compositions revealed the presence of sev-
eral C20 LC-PUFA including ARA and EPA. These two LC-
PUFA accumulated in leaf tissues of transgenic Arabidopsis
plants to a combined level of ~10% total FA, the majority being
ARA (n-6); again, this does not reflect the levels of n-6/n-3
substrates, which are predominantly ALA (n-3). As well as

the accumulation of ARA and EPA, additional C20 PUFA
identified in the transgenic Arabidopsis were sciadonic acid
(20:3∆5,11,14) and juniperonic acid (20:4∆5,11,14,17) (42).
These two nonmethylene-interrupted PUFA are likely to have
resulted from the “promiscuous” activity of the ∆5-desat-
urase, acting on substrates that might usually be expected to
undergo ∆8-desaturation. Whether this represents some form
of perturbation to substrate channeling for the reconstituted
alternative LC-PUFA biosynthetic pathway remains unclear,
although both desaturases are assumed to utilize similar sub-
strates (C20 acyl chains at the sn-2 position of PC). Although
sciadonic and juniperonic acids were not primary targets for
the synthesis and accumulation in transgenic plants, recent
evidence suggests that these VLC-PUFA may also be health-
beneficial and play a role in modulating some aspects of
human metabolism (46). Importantly, both sciadonic and ju-
niperonic acids are found in a number of species of pine
seeds, and as such have been previously consumed by humans
without demonstrating any antinutritional effects (46). It is
also worth noting that the M. alpina ∆5-desaturase used in the
reconstitution of the alternative LC-PUFA biosynthetic path-
way was previously observed to utilize unexpected substrates
when individually expressed in transgenic canola, resulting
in the accumulation of the unusual ∆5-desaturated C18 FA,
taxoleic and pinolenic acids (47). This may indicate that the
determinants affecting the substrate specificity of this desat-
urase are not fully understood at present.

The use of the alternative ∆9-elongase/∆8-desaturase to
successfully reconstitute LC-PUFA biosynthesis in transgenic
plants has been recognized as an important breakthrough in
the production of these nutritional compounds in a sustain-
able manner (48). However, whereas these current data repre-
sent an elegant proof-of-concept demonstration in vegetative
tissues, it remains to be demonstrated that a similar efficient
reconstitution of the alternative LC-PUFA biosynthetic path-
way is possible in seeds, with the concomitant accumulation
of AA and (more preferably) EPA in TAG.

In that respect, the complementary studies of Abbadi et al.
(49) on the expression of the conventional ∆6-desatu-
rase/elongase pathway have provided greater insights into
LC-PUFA synthesis when specifically heterologously ex-
pressed in the developing seeds of transgenic oilseeds. Using
genes encoding enzyme activities from a number of different
LC-PUFA-accumulating species, transgenic linseed and to-
bacco lines were engineered to express the three primary
components of the conventional pathway, the ∆6-desaturase,
the ∆6-elongase, and the ∆5-desaturase (49). In contrast to the
study previously described (42), in which components of the
alternative pathway were constitutively expressed, these three
activities were placed under the transcriptional regulation of
a seed-specific promoter. Additionally, these three heterolo-
gous genes were introduced into the transgenic plant as a single
integration event, rather than via sequential transformation.
Analysis of homozygous T3 seeds of transgenic tobacco and
linseed revealed very high levels of ∆6-desaturated FA yet
only relatively low amounts of ARA and EPA (49). These
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data clearly demonstrated the seed-specific reconstitution of
the conventional LC-PUFA biosynthetic pathway in trans-
genic oilseeds; they also paralleled earlier observations in
yeast on the efficient synthesis of C20 PUFA (33,45). These
previous studies had revealed a potential “bottleneck” at the
elongation step in the pathway that had been ascribed to the
inefficient acyl-exchange between the glycerolipid and acyl-
CoA pools (45). Further detailed analysis of transgenic lin-
seed expressing these activities revealed a number of subtle
observations (49). First, although the ∆6-desaturase and the
∆6-elongase appeared to function at very different efficien-
cies (as measured by the accumulation of their products), the
two transgenes were transcribed at similar levels (as deter-
mined by Q-PCR). Second, in vitro elongation assays carried
out on microsomal fractions isolated from these transgenic
developing linseed seeds clearly demonstrated the activity of
the heterologous ∆6-elongase when supplied with exogenous
acyl-CoA substrates. Third, although high levels of ∆6-desat-
urated FA accumulated in the microsomal membranes, par-
ticularly at the sn-2 position of PC, this was not reflected in a
concomitant increase in the ∆6-desaturated acyl-CoAs (49).
Although it is obvious that a lack of ∆6-desaturated FA in the
acyl-CoA pool will prevent the ∆6-elongase from functioning
efficiently, it is less clear why these substrates remain in the
microsomal membrane lipids; this may reflect an inefficient
exchange from PC into the acyl-CoA pool (a process essen-
tial for the heterologous reconstitution of LC-PUFA biosyn-
thesis) (50). A further subtlety was identified on analysis of
the FA composition of TAG from these transgenic seeds,
which revealed the presence of high levels of the n-3 ∆6-de-
saturated FA STA, compared with the distribution of this FA
in other lipid classes such as PC, PE, and DAG. In contrast,
although the n-6 ∆6-desaturated FA GLA was abundant in PC,
STA was present at a very much lower level, even though the
relevant substrates (LA, ALA) were present at similar levels
(49). The authors then carried out very sophisticated posi-
tional analysis of TAG to determine the precise distribution
of these novel FA, and found STA predominantly at the sn-3
position, whereas GLA was found at both the sn-2 and sn-3
positions. These data allowed the authors to consider a num-

ber of possibilities regarding the channeling of FA into differ-
ent lipid classes. The absence of ∆6-desaturated FA in the
acyl-CoA pool could reflect a number of scenarios including
(i) inefficient exchange between the CoA and PC pools; (ii)
rapid channeling into lipids of any ∆6-desaturated acyl-CoA
such that their presence is not detected; and (iii) channeling
into lipids via an acyl-CoA-independent process, such as the
enzyme phospholipid:DAG acyltransferase (PDAT) (49,50).
In that respect, it seems most likely that the n-3 ∆6-desatu-
rated FA STA is channeled from PC into TAG by the PDAT en-
zyme, precluding it from further elongation and desaturation.
In addition, it may be that exchange of any ∆6-desaturated FA
(n-3 or n-6) from PC into the acyl-CoA pool is inefficiently
catalyzed by the endogenous lyso-PC:acyltransferase (LPCAT)
enzyme (which would not previously have been adapted to these
non-native FA) and so substrate limits the activity of the het-
erologous LC-PUFA elongase. The combination of (at least)
these two channeling activities contributes to the observed
low levels of C20 LC-PUFA in the transgenic oilseeds (i.e.,
<10% of the novel C18 ∆6-PUFA, and a skew toward the ac-
cumulation of n-6). Taking these observations together, it
seems likely that a major constraint on the efficient reconstitu-
tion of C20 LC-PUFA via the conventional ∆6-desaturase/
elongase route is the dichotomy of substrate requirements for
glycerolipid desaturation and acyl-CoA elongation (45,49,50).
However, the levels of ARA and EPA obtained in the seed
lipids of transgenic linseed are still significant, even allowing
for the clearly suboptimal exchange and channeling of acyl
substrates. Thus, these results should be taken as a highly en-
couraging pointer toward the future successful seed-specific
synthesis of LC-PUFA via this pathway.

In addition, the study discussed earlier (49) not only iden-
tified potential bottlenecks in the conventional LC-PUFA
biosynthetic route, but also highlighted a number of possible
solutions. These include the additional coexpression of a
LPCAT transgene, ideally from an organism carrying out en-
dogenous LC-PUFA synthesis (49). This would be predicted
to mediate the accumulation of ∆6-desaturated FA in the acyl-
CoA pool, facilitating their elongation to C20 FA (50). An al-
ternative strategy might be to avoid the use of glycerolipid-
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TABLE 1
Comparison of the Two Recent Demonstrations of Long-Chain-PUFA Synthesis in Transgenic Plants

Study Plant Pathway Transgenes Expression Insertions C20 PUFA Comments

Abbadi et al. Linseed Conventional Phaeodactylum Seed-specific Single T-DNA 3.6% Total Bottleneck in acyl exchange
(and tobacco) ∆6-desaturase tricornutum ∆6 0.9% ARA between PC and CoA pools,

P. patens ELO 0.8% EPA with high levels of C18
P. tricornutum ∆5 ∆6-desaturated FA. 

First demonstration of seed-
specific accumulation of C20
PUFA in TAG.

Qi et al. Arabidopsis Alternative I. galbana ELO Constitutive Three unlinked 22% Total Efficient reconstitution of 
∆9-elongase E. gracilis ∆8 (vegetative) T-DNA 6.6% ARA PUFA biosynthesis, although

Mortierella 3.0% EPA unexpected products such as
alpina ∆5 sciadonic and juniperonic 

acids formed. Accumulation
in TAG not determined.



dependent desaturases, but instead use microsomal acyl-CoA
desaturases such as those found in animals. Thus, the entire
LC-PUFA biosynthetic pathway could proceed via acyl-CoA
intermediates, negating any requirement for acyl exchange
during primary biosynthesis. A third approach suggested is
the use of the alternative ∆9-elongase pathway, which (as al-
ready discussed) may currently represent the most efficacious
route for aerobically synthesizing C20 PUFA in transgenic
plants (42,44,49).

FUTURE DIRECTIONS AND PROSPECTS

It is clear from the two studies described in this article (and
summarized in Table 1) that heterologous reconstitution of
C20 LC-PUFA synthesis in transgenic plants has now been
demonstrated. This has been achieved by the reverse engi-
neering of the primary biosynthetic enzymes, and has yielded
significant levels of nutritionally important C20 LC-PUFA
such as ARA and EPA. Perhaps of equal relevance, these data
have indicated that our understanding of the biochemical
processes that underpin the synthesis of these FA is still in-
complete. In particular, the role of acyl channeling, either in
terms of substrate presentation or compartmentalization of
lipids, is still an emerging topic. Another consideration arises
from the initial rationale for our attempts to synthesize LC-
PUFA in transgenic plants, the wish to replace diminishing
stocks of fish oils. Although transgenic plants can clearly syn-
thesize and accumulate LC-PUFA, these are a mixture of n-6
and n-3 FA. This is in contrast to the aquatic food web (i.e.,
algae and the fish that consume these primary producers of
LC-PUFA), which is predominantly rich in n-3 FA such as
EPA and DHA. From the perspective of human health and nu-
trition, the n-3 LC-PUFA are beneficial because they have a
protective effect in relation to metabolic syndrome and CVD
(13,14), whereas n-6 LC-PUFA such as ARA may give rise
to pro-inflammatory responses through their metabolism via
the eicosanoid pathway. In that respect, the channeling of n-3
FA into storage lipids (i.e., TAG) observed in linseed may
represent another potential bottleneck in the efficient synthe-
sis of n-3 LC-PUFA (49). However, it may also be that cur-
rent linseed cultivars were generated by plant breeders who
inadvertently selected germplasm containing a highly active
n-3-specific PDAT, since a desired trait in linseed was very
high ALA in seed TAG. Thus, it remains to be seen if other
oilseeds display the same strong channeling of n-3 FA into
TAG. Even in the absence of such an activity, it may be desir-
able to convert any C20 LC-PUFA from n-6 to n-3. This reac-
tion could be mediated by the coexpression of ω3-desaturases
that recognize C20 substrates. Such an enzyme was recently
identified from the fungus Saprolegnia diclina (51), and may
represent a useful tool in the synthesis of n-3 LC-PUFA in
transgenic plants. Similarly, the use of primary LC-PUFA
biosynthetic enzymes with strong preferences for n-3 sub-
strates, such as the ∆6-desaturase identified from Primula
(52), may provide additional skews toward EPA.

The demonstration that EPA can be synthesized in trans-

genic plants and specifically accumulated in seed TAG is a
major step toward providing a sustainable source of LC-
PUFA, but an additional goal must also be the production of
DHA. In that respect, the very recent identification of the C20
∆5-elongase (which elongates EPA to 22:5), together with the
earlier functional characterization of the C22 ∆4-desaturase,
will facilitate the heterologous reconstitution of DHA synthe-
sis (35,36). Initial proof-of-concept experiments have been
carried out in yeast and reveal low but significant levels of
DHA in strains that have been engineered to contain activi-
ties of the conventional LC-PUFA biosynthetic pathway (i.e.,
the C18 ∆6-elongase, C20 ∆5-desaturase, C20 ∆5-elongase, and
the C22 ∆4-desaturase). A very high proportion of the n-3 C18
STA supplied to the transgenic yeast was elongated to ETetA,
probably due to the high availability of the substrate as an
acyl-CoA. Although EPA is efficiently elongated to DPA by
the newly identified ∆5-elongase, and DPA is correctly ∆4-
desaturated to DHA, the resultant levels of DHA are low
(~1% of total FA) (35). However, this appears to be due to the
very poor conversion of ETetA to EPA by the ∆5-desaturase.
As discussed earlier, the microsomal front-end desaturation
reaction that underpins LC-PUFA biosynthesis utilizes sub-
strates at the sn-2 position of PC, and the inefficiency of the
∆5-desaturase may simply reflect the lack of glycerolipid-
linked substrate (even though total levels of ETetA are high)
(35,45). In that respect, the data on the heterologous reconsti-
tution of the C22 LC-PUFA biosynthetic pathway in yeast
confirm the observations on the C20 pathway in both yeast and
transgenic plants, in that the dichotomy of substrates required
for elongation and desaturation indicates the need for addi-
tional factors (such as acyltransferases) to improve the effi-
ciency of this process (45,49,50). Currently, enzymes such as
LPCAT can be invoked as potential mediators of enhanced
reconstitution of C22 LC-PUFA biosynthesis, although it re-
mains to be determined whether one individual enzyme is re-
sponsible for exchange of all LC-PUFA substrates (C18, C20,
and C22). Recently, the functional identification of cDNA
clones encoding LPCAT activities has been orally reported
(Abbadi, A., and Heinz, E., University of Hamburg), so it is
anticipated that the answers to these questions will soon be
clear. It will also be important to try to generate transgenic
plants with the activities required for DHA synthesis, in addi-
tion to those for C20 LC-PUFA biosynthesis. Since this will
require the introduction of two additional genes into the trans-
genic plant, the approach used by Abbadi et al. (49) (in which
the three genes for C20 LC-PUFA synthesis were all contained
within one single T-DNA) is much more amenable to the in-
troduction of further transgenes.

The efficient biosynthesis of C20 LC-PUFA in transgenic
plants has now been conclusively demonstrated, using two
different approaches. Not only do these data clearly indicate
the potential to use transgenic plants as an alternative sustain-
able source of these important FA, but they also provide new
insights into our understanding of lipid biochemistry, in par-
ticular the channeling of FA into various different lipids. In
that respect, the realization that much deeper reverse engi-
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neering is required to fully deconstruct, understand, and repli-
cate LC-PUFA biosynthesis is both daunting and, at the same
time, fascinating. Moreover, the provision of transgenic
plants synthesizing non-native FA provides a unique tool with
which to study the intricacies of plant lipid metabolism, not
least of all the interchange between the so-called prokaryotic
and eukaryotic pools.
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ABSTRACT: Fatty acids (FA) regulate the expression of genes
involved in lipid and energy metabolism. In particular, two tran-
scription factors, sterol regulatory element binding protein-1c
(SREBP-1c) and peroxisome proliferator activated receptor α
(PPARα), have emerged as key mediators of gene regulation by
FA. SREBP-1c induces a set of lipogenic enzymes in liver.
Polyunsaturated fatty acids (PUFA), but not saturated or mono-
unsaturated FA, suppress the induction of lipogenic genes by
inhibiting the expression and processing of SREBP-1c. This
unique effect of PUFA suggests that SREBP-1c may regulate the
synthesis of unsaturated FA for incorporation into glycerolipids
and cholesteryl esters. PPARα plays an essential role in meta-
bolic adaptation to fasting by inducing the genes for mitochon-
drial and peroxisomal FA oxidation as well as those for ketogen-
esis in mitochondria. FA released from adipose tissue during
fasting are considered as ligands of PPARα. Dietary PUFA, ex-
cept for 18:2 n-6, are likely to induce FA oxidation enzymes via
PPARα as a “feed-forward “ mechanism. PPARα is also required
for regulating the synthesis of highly unsaturated FA, indicating
pleiotropic functions of PPARα in the regulation of lipid meta-
bolic pathways. It is yet to be determined whether FA regulate
other transcription factors such as liver-X receptor, hepatocyte
nuclear factor 4, and carbohydrate response element binding
protein.

Paper no. L9544 in Lipids 39, 1077–1083 (November 2004).

The mammalian body is capable of adjusting its metabolism
in response to a wide variety of nutritional conditions such as
starvation and large changes in diet. The regulation of gene
expression plays a critical role in this adaptive response, in
addition to altering the activity of enzymes in relevant meta-
bolic pathways. Key transcription factors that regulate this
adaptive response have been identified in the last decade.
These include peroxisome proliferator activated receptors
(PPAR) (1,2), sterol regulatory element binding protein
(SREBP) (3), and carbohydrate response element binding
protein (ChREBP) (4). Importantly, activities of these tran-
scription factors are regulated not only by hormones but also
by nutrients and metabolites (5,6). The objective of this arti-
cle is to provide a brief review of recent developments in re-
search on the transcriptional regulation of lipid metabolism

by FA. Broader topics on the transcriptional regulation of en-
ergy metabolism, including hormonal regulation and carbo-
hydrate metabolism, have been reviewed previously (7). An
in-depth review on the regulation of unsaturated FA metabo-
lism is also available (8).

SREBP-1C REGULATES FA SYNTHESIS

SREBP are transcription factors of the basic helix-loop-helix
leucine zipper family. A negatively charged basic helix acts
as a DNA binding domain, and another helix with a leucine
zipper is required for dimerization. SREBP were first identi-
fied as factors that bind sterol regulatory element in the low
density lipoprotein receptor promoter (9,10), and indepen-
dently as a nucleotide E-box binding factor in adipocytes
(11). There are three isoforms of SREBP: SREBP-1a,
SREBP-1c, and SREBP-2. SREBP-1 and SREBP-2 are tran-
scribed from different genes (10,12). SREBP-1c and SREBP-
1a are encoded from the same gene through the use of alter-
native promoters (13). SREBP-1 is also called adipocyte dif-
ferentiation and determination factor-1 (11).

SREBP-2 mainly activates the transcription of genes in-
volved in cholesterol synthesis and metabolism, whereas
SREBP-1a can activate genes of both FA and cholesterol syn-
thesis (3,14). As shown in Figure 1, SREBP-1c activates
many genes involved in FA and glycerolipid synthesis in
liver, but it is unable to activate genes for cholesterol metabo-
lism (3). Sterol regulatory element is identified in most of the
SREBP-1c responsive genes listed in Figure 1. SREBP-1c is
expressed in many tissues, with high expression in liver,
adrenal gland, adipose, and brain tissues (13). Though
SREBP-1a expression is unaffected, SREBP-1c expression in
liver is diminished in fasting and is rapidly increased in
refeeding in an insulin-dependent manner (3,15–17). When
the SREBP-1c gene is knocked out, the induction of lipogenic
genes by refeeding after fasting is largely abolished in liver,
demonstrating a critical role of SREBP-1c in the induction of
FA and glycerolipid synthesis by refeeding (18).

PUFA SUPPRESS SREBP-1C ACTIVITY

SREBP are synthesized as larger precursor proteins that re-
main in the endoplasmic reticulum membrane. After prote-
olytic cleavage, the amino terminal domain migrates to the
nucleus and activates target genes (Fig. 2) (14). Refeeding
stimulates this proteolytic processing of both SREBP-1c and
SREBP-2 but not of SREBP-1a (15,19). In addition, refeed-
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ing markedly increases expression of SREBP-1c mRNA. The
proteolytic activation of SREBP-2 is regulated by cholesterol.
SREBP cleavage-activating protein, which is associated with
SREBP in the endoplasmic reticulum, has a cholesterol-sens-
ing sequence and initiates SREBP-2 activation when mem-
brane cholesterol is low (20). However, the mechanisms of
proteolytic activation and gene expression of SREBP-1c are
not well understood.

PUFA at 2% to 3% diet weight suppress the induction of
hepatic lipogenic genes caused by refeeding (21). This sup-
pression is exerted at the transcriptional step and is unique to
PUFA. Other FA such as saturated and monounsaturated FA
do not have such an effect (22,23). Although PUFA respon-
sive regions had been mapped in several gene promoters, the
transcription factor that mediates the PUFA suppression
proved elusive for some time (22,24–26). Subsequently,
SREBP-1c was identified as the factor that binds the PUFA
response sequence and mediates the PUFA effect in FA syn-
thase (27), S14 (28) , stearoyl CoA desaturase (SCD) (29,30),
and delta-6 desaturase (D6D) (31) genes.

PUFA counteract the activation of SREBP-1c at two regu-
latory steps: (i) proteolytic processing and (ii) mRNA abun-
dance (Fig. 2) (19,27,28,32,33). Consistent with early obser-
vations (21–23), this effect on SREBP-1c is unique to PUFA,
as saturated and monounsaturated FA have no effect. The
mechanism by which PUFA suppress proteolytic activation
of SREBP-1c is not known. In Drosophila, phos-

phatidylethanolamine, but not cholesterol, inhibits the
SREBP processing (34). In rat liver, increased membrane
phosphatidylethanolamine resulted in down regulation of
three desaturases: D6D, delta-5 desaturase, and SCD (35). Al-
though these desaturases are targets of SREBP-1c, it is yet to
be determined whether phosphatidylethanolamine regulates
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FIG. 1. Genes activated by SREBP-1c and PPARα. Sterol regulatory element binding protein-1c (SREBP-1c) and per-
oxisome proliferator activated receptor α (PPARα) induce mutually exclusive sets of genes except for all three acyl
coenzyme A (CoA) desaturases in mammals. CPT-1, carnitine palmitoyltransferase-1; GPAT, glycerol-3-phosphate
acyltransferase; HUFA, highly unsaturated fatty acid; PUFA, polyunsaturated fatty acid.

FIG. 2. Regulation of SREBP-1c by PUFA. PUFA suppress proteolytic ac-
tivation of SREBP-1c. PUFA also reduce precursor SREBP-1c by suppress-
ing expression of SREBP-1c mRNA. For abbreviations, see Figure 1.



SREBP-1c activation in mammalian liver. Additionally,
PUFA also suppress SREBP-1c mRNA (Fig. 2) (19,27,28,32,
33). A nuclear run-on assay indicates that PUFA do not sup-
press transcription of the SREBP-1c gene in rat liver (27). In-
stead, PUFA accelerate the degradation of SREBP-1c mRNA
although the mechanism is not known (36).

Targets of SREBP-1c include all three mammalian desat-
urases: SCD, D6D, and delta-5 desaturase. The products of
SCD, 18:1 n-9 and 16:1 n-7, are incorporated into a wide
range of lipids such as phospholipids, triglycerides, and cho-
lesteryl esters. However, the products of D6D and delta-5 de-
saturase, 20:4 n-6 and 22:6 n-3, are mostly incorporated into
phospholipids and not triglycerides (37,38). In addition, one
of the target genes of SREBP-1c is cytosine triphosphate:
phosphocholine cytidylyltransferase, which is an enzyme spe-
cific for phospholipid synthesis (39). Moreover, only PUFA,
not long-chain FA in general, can suppress the SREBP-1c ac-
tivity. Taken together, the profile of SREBP-1c target genes
and FA species that exert suppression suggests that the physi-
ological role of SREBP-1c in liver may be the regulation of
unsaturated FA synthesis for glycerolipids and cholesteryl es-
ters. If this is the case, induction of lipogenesis by SREBP-1c
and its suppression by PUFA may not have a significant role
in fat storage from excess dietary glucose.

PPARα REGULATES FA OXIDATION

PPAR are transcription factors of the nuclear receptor family.
Transcription factors of this group have a ligand-binding do-
main and are activated by binding an agonistic ligand. Acti-
vated PPAR form a heterodimer with retinoid-X receptor and
bind a peroxisome proliferator response element in the pro-
moters of target genes (Fig. 3). There are three isotypes of
PPAR: α, β (also called δ), and γ. Long-chain FA and
eicosanoids can bind and activate these PPAR isotypes. High
expression of PPARα mRNA is observed in organs that uti-
lize FA for energy, such as brown fat, liver, heart, and gas-
trointestinal mucosa. PPARγ is expressed primarily in adipose
tissues and lymphoid tissues, and PPARβ is expressed ubiq-
uitously (1,2).

As shown in Figure 1, PPARα is required for the induction
of genes involved in mitochondrial and peroxisomal β-oxida-
tion (40–42). Liver plays a critical role in energy metabolism
during fasting, by providing glucose and ketone bodies to
other organs. This metabolic adaptation to fasting is largely
achieved by the induction of enzymes for gluconeogenesis,
FA oxidation, and ketogenesis. PPARα plays a central role in
the latter two processes. The essential role of PPARα in adap-
tation to fasting was demonstrated by a targeted disruption of
the gene. PPARα-null mice grew phenotypically normal as
long as animals were fed ad libitum. However, when the ani-
mals were fasted, they showed hypoglycemia, hypoketone-
mia, hypothermia, and impairment in the induction of FA ox-
idation and ketogenic enzymes in liver (40,42,43). Some of
the PPARα-null mice died after fasting for less than 48 hours
(40). These studies demonstrated that PPARα plays a critical

role in the transcriptional adaptation of energy metabolism to
fasting.

Various long-chain FA act as ligands of PPARα (44,45).
In liver, nonesterified FA are increased during fasting (46).
Thus, FA released from adipose tissue are considered to act
as endogenous ligands of PPARα during fasting. FA have
strong binding affinity to PPARα with reported Kd values in
the low nanomolar range (47,48). However, nonesterified FA
are present at micromolar levels in liver (46), suggesting that
a small pool of free FA at lower concentration works as a reg-
ulator of PPARα. A group of hypolipidemic drugs (peroxi-
some proliferators) such as fibrates also act as potent ligands
of PPARα (44,45). PPARα mediates the hypolipidemic effect
of such peroxisome proliferators (49).

Although the role of PPARα in the adaptation to fasting is
well established in rodents, a physiological role of PPARα in
other species including humans is somewhat controversial.
This is partly because there is a marked difference between
rodents and other species in the response to peroxisome pro-
liferators such as fibrates. These PPARα ligands cause rapid
peroxisome proliferation and liver enlargement in rats and
mice, and chronic administration leads to liver carcinogene-
sis. However, other species show neither peroxisome prolif-
eration nor tumor development (2). Furthermore, expression
of PPARα in livers from humans, and from other species that
do not undergo peroxisome proliferation, is reportedly lower
than in livers from rats and mice (50,51). In contrast, other
studies show that the pattern of PPARα expression in human
tissues is similar to that of rodents; tissues with high FA uti-
lization expressed higher PPARα mRNA (52,53). A recent
study has shown that pigs express higher PPARα mRNA in
liver than do rats and mice, and that β-oxidation enzymes
were induced by both fasting and peroxisome proliferator ad-
ministration without peroxisome proliferation (54). Consider-
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FIG. 3. Activation of PPARα by FA. Long-chain FA are likely endoge-
nous ligands during fasting. Hypolipidemic agents and dietary n-3
HUFA induce peroxisomal β-oxidation genes in a PPARα-dependent
manner. PPRE, peroxisome proliferator response element; RXR,
retinoid-X receptor; for other abbreviations, see Figure 1.



ing all the evidence, it seems likely that PPARα acts as a key
inducer of the genes for FA oxidation in nonrodents.

INDUCTION OF β-OXIDATION ENZYMES 
BY DIETARY PUFA

Dietary fish oil rich in docosahexaenoic acid (22:6 n-3) and
eicosapentaenoic acid (20:5 n-3) increases activities and
mRNA of FA oxidation enzymes in both mitochondria and
peroxisomes (55–57). This induction is mediated by PPARα
(58). Because FA with a chain length of 20 carbons or higher
are primarily oxidized in peroxisomes, it is likely that excess
amounts of 20:5 n-3 and 22:6 n-3 act as PPARα ligands and
induce their own degradation pathway as a “feed-forward”
mechanism. Other PUFA such as α-linolenic acid (18:3 n-3)
(57,59) and γ-linolenic acid (18:3 n-6) (60) have similar ef-
fects, whereas linoleic acid (18:2 n-6) does not have a signifi-
cant effect over saturated fats (55,57). An underlying mecha-
nism for the differential effects among 18 carbon PUFA is yet
to be elucidated. A possible mechanism is that 18:3 FA may
be readily available for highly unsaturated FA (HUFA) syn-
thesis and may generate more excess HUFA than 18:2 n-6 be-
cause 18:3 n-3 and 18:3 n-6 are poor substrates for phospho-
lipid synthesis, whereas 18:2 n-6 is readily incorporated into
phospholipids (38,59). Although the induction of FA oxida-
tion by these dietary PUFA could affect energy utilization and
fat deposition, the quantitative significance of this is unknown
in humans.

Dietary fish oil also decreases plasma triglyceride concen-
tration. The hypotriglyceridemic effect of fish oil does not ap-
pear to be due to the PPARα-mediated induction of FA oxi-
dation enzymes (58). Studies with cell models suggest that
fish oil may reduce very low density lipoprotein secretion by
stimulating the insulin-signaling pathways (61,62).

PPAR-α REGULATION OF HUFA SYNTHESIS

As shown in Figure 1, SREBP-1c and PPARα induce nearly
mutually exclusive sets of genes. Paradoxically, synthetic
PPARα ligands also strongly induce acyl CoA desaturases
(46,63). In addition to sterol regulatory element, a functional
peroxisome proliferator response element was identified in
promoters of SCD-1 (63) and D6D (64). A recent study has
shown that PPARα-null mice were unable to induce D6D
mRNA under an essential FA deficient condition (65). More-
over, PPARα target genes such as acyl-CoA oxidase, L-bi-
functional protein, and cytochrome P450 4A10 are induced
in wild type animals by essential FA deficiency, suggesting
that an endogenous PPARα ligand is generated in this condi-
tion (65). These findings suggest that PPARα, together with
SREBP-1c, acts as a sensor of HUFA status and exerts feed-
back induction of D6D when HUFA are low.

OTHER TRANSCRIPTION FACTORS

Hepatocyte nuclear factor 4α (HNF4α) is another transcription
factor of the nuclear receptor family and is highly expressed in

liver. The target DNA sequence of HNF4α is similar to peroxi-
some proliferator response element, consisting of a direct repeat-
1 nucleotide motif. Liver-specific knockout of HNF4α demon-
strated the essential nature of this factor for differentiated hepa-
tocyte functions (66). Fatty acyl CoAs have been proposed as
ligands that regulate HNF4α activity (67). However, a crystal
structure study revealed that a FA molecule was bound tightly to
the ligand pocket of HNF4α, and was very difficult to remove
(68), suggesting that HNF4α may be constitutively active and
that its activity may not be regulated by ligand binding. A recent
study has shown that HNF4α binds more than 1000, or about
12%, of genes expressed in the liver and the pancreatic islets
(69). These studies suggest that the primary physiological role of
HNF4α is to direct tissue-specific gene expression rather than
the regulation of metabolic pathways.

Liver-X receptors (LXR) are transcription factors that also
belong to the nuclear receptor family. Two isoforms are identi-
fied: LXRα is the most abundant in liver, while LXRβ is ex-
pressed ubiquitously (70). Cholesterol metabolites known as
oxysterols activate LXRs as natural ligands. LXRs activate a
group of genes involved in reverse cholesterol transport, includ-
ing cholesterol/bile acid transporters, and genes involved with
bile acid synthesis (70,71). In addition, synthetic LXR agonists
induce SREBP-1c, and the LXR response element is identified
in the mouse SREBP-1c, promoter (72). A physiological role for
this SREBP-1c induction by LXRα in liver may be to provide
FA for the synthesis of cholesteryl esters to sequester excess cho-
lesterol, and for phospholipids that are an essential component
of bile. In cell studies, PUFA suppress SREBP-1c transcription
by antagonizing a synthetic LXR agonist (73,74). However, an
in vivo study showed that PUFA reduced SREBP-1c mRNA
without affecting its transcription rate in rat liver (27). A recent
cell study reported that, whereas 20:5 n-3 counteracted the
SREBP-1c induction by an LXR agonist, 20:5 n-3 had no effect
on the induction of other LXR responsive genes involved with
bile acid metabolism (75). Thus, it is unclear whether PUFA sup-
press LXR activity in vivo.

ChREBP is a transcription factor of the basic helix-loop-helix
leucine zipper family and is expressed in liver (76) and adipose
tissue (77). Protein phosphatase 2A, which is activated by xylu-
lose-5-phosphate (an intermediate of the pentose phosphate
cycle), dephosphorylates and activates ChREBP (78). A
ChREBP binding sequence, carbohydrate response element, has
been identified in the promoters of liver-type pyruvate kinase
(79), fatty acid synthase (80), acetyl CoA carboxylase (81), and
S14 (79). Adenosine monophosphate-activated kinase is capable
of phosphorylating and inactivating ChREBP. Addition of FA to
hepatocyte culture medium induces a rapid increase in adeno-
sine monophosphate concentration, leading to the activation of
adenosine monophosphate-activated kinase (82). However, it is
yet to be determined whether FA suppress ChREBP activity in
vivo.
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ABSTRACT: Peroxisome proliferator-activated receptors
(PPAR) are nuclear hormone receptors that control the expres-
sion of genes involved in lipid homeostasis in mammals. We
searched for PPAR in sea bass, a marine fish of particular interest
to aquaculture, after hypothesizing that the physiological and
molecular processes that regulate lipid metabolism in fish are
similar to those in mammals. Here, we report the identification
of complementary DNA and corresponding genomic sequences
that encode three distinct PPAR from sea bass. The sea bass
PPAR are the structural homologs of the mammalian PPARα, β/δ,
and γ isotypes. As revealed by RNase protection, the tissue ex-
pression profile of the fish PPAR appears to be very similar to
that of the mammalian PPAR homologs. Thus, PPARα is mainly
expressed in the liver, PPARγ in adipose tissue, and PPARβ in all
tissues tested, with its highest levels in the liver, where it is also
the dominant isotype expressed. Like mammalian PPAR, the sea
bass isotypes recognize and bind to PPAR response elements of
both mammalian and piscine origin, as heterodimers with the 9-
cis retinoic acid receptor. Through the coactivator-dependent
receptor ligand assay, we also demonstrated that natural FA and
synthetic hypolipidemic compounds can act as ligands of the sea
bass PPARα and β isotypes. This suggests that the sea bass PPAR
act through similar mechanisms and perform the same critical
lipid metabolism functions as mammalian PPAR.

Paper no. L9546 in Lipids 39, 1085–1092 (November 2004).

In all species, energy homeostasis is achieved through the ef-
ficiencies of caloric intake, storage of excess calories, and
fuel mobilization. In higher vertebrates under normal condi-
tions, two classes of biological molecules, lipids and carbo-
hydrates, provide essentially all of the necessary fuel. In fish
and especially in the carnivorous species, which includes

most marine fish, dietary lipids are the major provider of en-
ergy while carbohydrates play only a minor role due to their
low abundance in natural diets.

Interest in fish FA and lipid metabolism has grown in the
last decade as a result of the rapid expansion of intensive
aquaculture. As a result, issues relating to physiology [e.g.
excess deposition of fat in the carcass and liver of farmed fish
(2)] or nutrition [e.g. the substitution of fish oils in fish diets
by vegetable oils (3)], have become areas of considerable in-
terest (see review in Ref. 1).

It is generally accepted that the biosynthesis and catabo-
lism of FA involve equivalent pathways in mammals and fish
(4). However, it remains to be determined whether the same
molecular mechanisms control these pathways. In mammals,
peroxisome proliferator-activated receptors (PPAR) have
emerged as central factors in sensing FA levels and in regu-
lating FA metabolism. PPAR are ligand-induced transcription
factors belonging to the nuclear hormone receptor superfamily.
Three PPAR isotypes, termed α, β/δ, and γ, have been identi-
fied from different organisms, including mammals, birds, and
amphibians. PPAR activate the transcription of target genes
by binding as heterodimers with the 9-cis retinoic acid recep-
tor (RXR) to specific enhancer elements of the DR-1 (direct
repeat of the hexanucleotide sequence 5′-AGCTCA, spaced
by one nucleotide) type, known as peroxisome proliferator or
PPAR response elements (PPRE). Ligand binding induces
conformational changes to the receptor, resulting in both the
recruitment of transcriptional coactivators in the promoter re-
gion of the target gene and in increased transcription. Specific
ligands for each PPAR isotype have been identified and in-
clude a number of unsaturated FA, eicosanoids, and hypolipi-
demic and antidiabetic agents (5,6).

In contrast to the large amount of information available on
mammalian PPAR, reports for PPAR in fish are scarce and,
thus far, limited to the identification of the PPARγ isotype in
two species (7,8). The presence of even a single PPAR iso-
type in lower vertebrates raises intriguing questions for the
evolution of the structure and function of these receptors. In
addition, the possibility that PPAR in fish fulfill the same
functions as in mammals presents possibilities for manipulat-
ing FA metabolism in fish by interventions targeted specifi-
cally at these key regulatory factors. To begin to address these
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possibilities, we searched for PPAR in the sea bass (Dicen-
trarchus labrax), a species of particular interest to aquaculture.
We report here the isolation of cDNA (the Genbank accession
numbers of cDNA sequences reported here are AY590300 for
sea bass PPARα, AY590302 for sea bass PPARβ, and
AY590303 for sea bass PPARγ) and genes encoding three
PPAR isotypes from this species. We also provide a prelimi-
nary account of the functions of these receptors.

EXPERIMENTAL PROCEDURES

PPAR gene isolation. Sea bass genomic DNA was prepared
from muscle tissue with the DNeasy tissue kit (Quiagen,
GmbH, Hilden, Germany) according to the manufacturer’s
instructions. PPAR genomic clones were isolated by direct
PCR amplification of the DNA using isotype-specific
primers. A partial genomic PPARα clone was obtained with
primers 5′-CCA AAA GAA GAA CCG CAA CAA G and 5′-
TTG CAG GAG CGG GTG CAA CGA CG. A PPARβ par-
tial clone was obtained with primers 5′-ATG GAA GGG TTT
CAA CAA ACT G and 5′-CTA ATA CAT GTC TTT GTA
GAT CTC CTG. For PPARγ, primer pairs 5′-GTC GAC ATG
GTG GAC AC and 5′-TGT AAT CCA TGT TCG TCA GG
were used to amplify the genomic sequences encoding for the
A/B domain; primers 5′-TTC AAT CAA GAT GGA GCC and
5′-TCA CAG GCA TGG ACG CC were used to amplify the
exon encoding the first Zn finger of the C domain; and
primers 5′-GCT GCA AGG GTT TCT TCA G-3′ and 5′-CGT
TGT GTG ACA TGC CG-3′ were used to amplify the genomic
sequences encoding the second Zn finger of the receptor’s C
domain. In all of the PCR reactions, high fidelity polymerase
(Expand High Fidelity PCR system; Roche Applied Science,
Mannheim, Germany) was used to minimize errors in the am-
plified products.

PPAR cDNA isolation. Total sea bass liver RNA was re-
verse transcribed with Expand Reverse Transcriptase (Roche).
The resulting cDNA was used as a template for RACE PCR
for the amplification of the 5′-ends of the receptors, with
primers derived from partial genomic sequences. Either the
SMART RACE kit (Clonetech) or the 5′/3′ RACE kit (Roche)
was used in these experiments. The gene-specific primers 5′-
GCC ACC TCT TTC TCC ACC A and 5′-CGG CCC TCT
TCT TGG TCA T for PPARα and β, respectively, were used.
Isolation of the entire coding sequences of the PPAR isotypes
was done with RT-PCR (Expand Reverse Transcriptase;
Roche) on total liver RNA with primers 5′-ACG CGG GTG
GTA TTT ATC TTC T and 5′-TCA GTA CAT GTC CCT
GTA GAT TTC TTG C for PPARa; 5′-ATG GAA GGG TTT
CAA CAA ACT G and 5′-CTA ATA CAT GTC TTT GTA
GAT CTC CTG for PPARβ; and 5′-GTC GAC ATG GTG
GAC AC and 5′-CTA ATA CAA GTC TTT CAT GAT CTC
for PPARγ (initiation and termination codons underlined). All
cDNA were cloned into the pCR Script vector (Stratagene,
La Jolla, CA) for further analyses.

Riboprobes and RNase protection assay. For the synthesis
of sea bass PPAR isotype-specific riboprobes, the fragment

encoding the D domain of each isotype was amplified by
PCR. For PPARα, primers 5′-TTG GAT CCG CCA TTC
GGT TTG GTC and 5′-AGA ATT CCT TGC TTG TCT TTC
C were used to amplify a 197 base pair (bp) fragment [nu-
cleotides (nt.) 554–751 of cDNA)]. For PPARβ, primers 5′-
TTG GAT CCG CGA TCC GAT ACG GAC and 5′-AGA
ATT CGA TGC TGC GGG CCC T were used to amplify a
175 bp fragment (nt. 631–806 of cDNA). For PPARγ, primers
5′ TTG GAT CCG CTA TTC GTT TTG and 5′-AGA ATT
CCG CGT TAT CTC CGG T were used to amplify a 201 bp
fragment (nt. 598–799 of cDNA). For directional cloning into
the pBluescript KS vector (Stratagene), all upstream primers
contained a BamHI restriction enzyme site and all down-
stream primers an EcoRI site (underlined in the preceding
primer sequences). A 203 bp β-actin fragment (nt. 228–431
of Genbank accession number AY148350) was amplified by
reverse transcription (RT)-PCR from sea bream liver total
RNA, with primers 5′-GAC CAA CTG GGA TGA CAT GG
and 5′-GCA TAC AGG GAC AGC ACA GC and was cloned
into the pCR Script vector (Stratagene).

Antisense PPAR riboprobes were synthesized by T3 RNA
polymerase (Promega, Madison, WI) transcription on the
BamHI-digested plasmids. The β-actin plasmid construct was
digested with NotI and the antisense riboprobe was synthe-
sized by T7 RNA polymerase (Promega) transcription.

Total RNA from sea bass tissues, eggs, and larvae was ex-
tracted with the RNeasy tissue kit (Qiagen) according to the
manufacturer’s instructions. Intestine refers to the gut region
adjacent to the cecum. Adipose is mesenteral adipose.

Sea bass PPAR mRNA expression was assessed by the
RNase protection assay using a commercial kit (RNase pro-
tection kit; Roche), according to the manufacturer’s instruc-
tions. All riboprobes were labeled with [α-32P]CTP (800
Ci/mmol; Amersham Biosciences Europe GmbH, Freiburg,
Germany) and their specific activity was quantified as de-
scribed in the manual of the RNase protection kit. For PPAR
expression, 8 µg of total RNA from each tissue sample were
hybridized with the isotype-specific probes (approximately 3
fmol of each) before being subjected to digestion by RNases.
For β-actin expression, 5 µg of total RNA were used with ap-
proximately 80,000 cpm of the riboprobe. The protected frag-
ments were separated on a 6% polyacrylamide gel containing
7 M urea. Signals were visualized by autoradiography.

Electrophoretic mobility shift assay. Sea bass and mouse
retinoic acid receptor (RXR)β (mRXRβ, 9) PPAR proteins
were obtained by in vitro transcription and translation using
the TNT coupled reticulocyte lysate system (Promega). Elec-
trophoretic mobility assay (EMSA) was performed as previ-
ously described (9). The acyl-CoA oxidase and Cyp4A6-Z
PPRE have been previously described (10). The GSTA1.1-3
probes correspond to the presumed PPRE elements of the
plaice GSTA1 promoter (11). Specifically, these are between
nucleotide positions 3713 and 3734 (GSTA1.1), 3718 and
3740 (GSTA1.2), and 3771 and 3793 (GSTA1.3) of Genbank
accession number X95199. For antibody-induced supershifts,
2 µL of PPARγ antibody or pre-immune serum were intro-
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duced to the reaction mix simultaneously with the proteins
and probe.

Coactivator-dependent receptor ligand assay (CARLA)
screen. The sequences encoding the D and E domains of the
sea bass PPAR (nt. positions 504–1510 and 631–1533 of the
cDNA for α and β isotypes, respectively) were amplified by
PCR and cloned into the pGEX-2TK vector (Amersham Bio-
sciences Europe GmbH) for high expression as glutathione-S
transferase (GST) fusion proteins in Escherichia coli (BL21-
pLysS; Stratagene). The correct sequence of all recombinant
constructs was confirmed by sequencing. Recombinant pro-
teins were purified and the CARLA screen was performed as
previously described (12). The concentration of all com-
pounds tested was 10−4 M. All compounds were obtained
from Cayman Chemical (SPI-BIO; Massy, France), except for
Wy14,643 (pirinixic acid) and CLA, mixed isomers (Sigma
Aldrich, St. Louis, MO). Signals were quantified either by
phosphor analysis (Molecular Imager FX system; Bio-Rad
Laboratories, Richmond, CA) or image analysis (Gel-Pro,
Media Cybernetics, Silver Springs, MD). Statistical analysis
of data (ANOVA) was done using the STATGRAPHICS*Plus,
version 5, package (Manugistics, Inc., North Reading, MA).

RESULTS

Genomic sequences and cDNA encoding three distinct PPAR
from sea bass. Using primers designed from sequences con-
served in PPAR from other phyla, as well as from other fish
species (7), PCR was performed on sea bass DNA. With this
approach, distinct genomic fragments were isolated and, upon
sequence analysis, revealed regions with significant homol-
ogy to known PPAR. Specifically, the genomic regions am-
plified included all of the coding exons of the presumed
PPARβ gene and the exons encoding the carboxy terminus,
that is, part of the C domain and the D and E domains of the
presumed PPARα receptor were amplified (Fig. 1). For the
PPARγ gene, we were successful in amplifying only two in-
dividual exons, namely, those encoding the A/B domain and

the second Zn finger of the C domain of the receptor. Notable
is the small size of the introns in both the PPARβ gene and in
the characterized portion of the PPARα gene. Therefore,
these two sea bass genes are several times smaller than their
mammalian counterparts. Interestingly, the proposed gene
structures suggest that the E domain of the fish receptors is
encoded by three exons. This is in contrast to mammalian or
amphibian PPAR, where this domain is encoded by only two
exons (13,14). Also of interest is that, with the exception of
the additional exon in the E domain, all exon/intron bound-
aries in the characterized regions of the sea bass PPAR genes
are in essentially identical positions in the mammalian genes
(Fig. 2).

To confirm that the isolated genomic fragments constitute
parts of functional genes, we performed 5′ RACE and RT-PCR
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FIG. 1. Schematic representation of the sequenced portions of the per-
oxisome proliferator-activated receptor (PPAR) genes. Equivalent exons
between isotypes are indicated by lines. Zn1 and Zn2 are the exons of
the DNA-binding domain and E1–E3 are the exons of the ligand-bind-
ing domain.

FIG. 2. Amino acid sequence alignment of the three sea bass PPAR iso-
types. Identical residues between the three sequences are shaded. The
DNA- and ligand-binding domains are indicated by gray and black bars,
respectively. J1–J6 indicate positions of corresponding introns (see Fig.
1). Italicized letters below a sequence indicate corresponding residues
involved in ligand binding (L), ligand entry (E), and dimerization (D) in
mammalian PPAR (20). Similarly, asterisks indicate residues involved in
PPAR–SRC-1 (steroid receptor coactivator-1) interactions. See Figure 1
for abbreviation.



on sea bass liver-derived cDNA, using PPAR isotype-specific
primers that were designed according to the distinct genomic
sequences. These experiments resulted in the isolation of three
cDNA, each encoding a distinct PPAR isotype. The cDNA cor-
responding to the PPARβ and γ isotypes apparently contained
the entire coding sequence and, in the case of PPARβ, the 5′ un-
translated region. For PPARα, none of the 5′ RACE products
that we analyzed contained the complete 5′-end sequence, as no
translation initiation codon conforming to the Kozak consensus
could be located within the sequences obtained. Therefore, the
cDNA for the sea bass PPARα must be considered partial.

The deduced amino acid sequences of the sea bass PPAR
are shown in Figure 2. The encoded proteins have a length of
510 and 522 amino acids for the β and γ isotypes, respec-
tively, while the obtained open reading frame for PPARα en-
codes a protein of 502 residues. The alignment in Figure 2
also demonstrates that the highest identity between isotypes
is observed within the C and E domains.

When the sea bass PPAR proteins are compared to their
human counterparts (Fig. 3), the region of highest identity is
the C domain, where ≥90% of the residues are common
among the corresponding homologs. Identity is lower at the
E domain, where 67, 78, and 66% of the residues are common
in the α, β, and γ isotypes, respectively. It should be noted
that this reduced identity results in part from the insertion of
20 and 25 amino acid residues at the amino terminus of the
domain in the sea bass α and γ isotypes, respectively. This in-
sertion may be related to the fact that the E domain of the sea
bass receptors is encoded by three exons, as opposed to two
exons for the corresponding region in the human receptors.
However, it is notable that the sea bass PPARβ E domain,
which is also encoded by three exons, contains exactly the
same number of residues as its human counterpart.

The region with the lowest identity between the sea bass
and human receptors is the A/B domain, which is considerably
longer in the isotypes of the fish species than in mammals.

Sea bass PPAR are differentially expressed in tissues and
during development. The expression of PPAR in different tis-
sues of sea bass was determined by the RNase protection
assay. As the results in Figure 4A demonstrate, relatively
abundant transcripts of PPARα are detected in liver, gills,
heart, red muscle, and brain. The highest expression, relative
to the other two subtypes, was observed in red muscle.
PPARα is weakly expressed in intestine and spleen, while no
expression is detected in either kidney or adipose tissue. In
general, the tissue expression profile of this isotype is very
similar to its mammalian counterpart in tissues with high β-
oxidation capacity (15). Also, like its mammalian homolog,
PPARβ is expressed in all the tissues of sea bass that were
tested, with the liver being the site where mRNA for this re-
ceptor is most abundant. Like the α isotype, PPARγ exhibits
a restricted tissue distribution and, like its mammalian ho-
molog, is most abundantly expressed in adipose tissue. Rela-
tively high amounts of PPARγ transcripts are also detected in
the gills and lower amounts in red muscle and the intestine.
Only trace amounts of PPARγ are detected in the liver. No-
table is the absence of expression of this isotype in spleen and
kidney, two tissues known to express PPARγ in mammals and
amphibians (16,17).

PPAR expression is differentially regulated during develop-
ment in both mammals and amphibians (18,19). Therefore, we
also examined the expression of these receptors at stages con-
sidered critical during the development of sea bass. These included
the fertilized egg (mostly, the neurula stage in our sample), the
day following the first feeding (day 6, post-hatch), and different
stages leading to metamorphosis (day 50 post-hatch).
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FIG. 3. Amino acid sequence identity between the functional domains
of the sea bass and human PPAR isotypes. Open, gray, and black bars
correspond to the α, β, and γ isotypes, respectively. For the C domain,
only the residues in the two Zn fingers and the carboxy-terminal exten-
sion are compared. See Figure 1 for abbreviation.

FIG. 4. Tissue and developmental stage expression of the sea bass
PPAR. (A) Expression of PPAR and β-actin in the liver (L), kidney (K), in-
testine (I), gills (G), heart (H), spleen (S), white muscle (W), red muscle
(M), brain (B), and adipose tissue (A) of sea bass, as determined by
RNase protection. The length in nucleotides (nt) of the corresponding
riboprobe for each PPAR isotype is indicated. (B) Expression of the sea
bass PPARα and β isotypes during development. F.E. is fertilized egg
and D indicates the number of days post-hatch of the larvae tested. See
Figure 1 for abbreviation.



As demonstrated in Figure 4B, PPARβ transcripts were de-
tectable in fertilized eggs and persisted at an approximately
constant level in all the larval stages that we examined. The
early expression of this receptor is in agreement with observa-
tions made in Xenopus sp. (16,18) and also in mammals (19).

Also like the expression in other species, sea bass PPARα
zygotic transcripts appeared to accumulate at later embryonic
stages as compared to PPARβ. Thus, PPARα mRNA was de-
tected in one day post-hatch larvae, albeit at low levels, and
in all subsequent larval stages (Fig. 4B).

With the approach used, we were not able to detect PPARγ
transcripts in any of the larval stages examined. However, it
should be noted that these experiments were performed in
whole larvae and it is possible that PPARγ transcripts, which
in the adult fish exhibit the most restricted tissue distribution
(Fig. 4), have been discriminated against.

The sea bass PPAR bind to DR-1 elements. As previously
mentioned (Fig. 3), the DNA binding domains of the three sea

bass PPAR exhibit high levels of identity with their homologs
from other species. Furthermore, residues shown to contribute
to the PPAR:RXR dimerization interface in the human PPARγ
(20) are apparently conserved in the sea bass receptors. Thus,
it is expected that the sea bass PPAR also form heterodimers
with RXR and that the sea bass PPRE are also of the DR-1
type. To test this, we performed EMSA with in vitro trans-
lated sea bass PPAR and mRXRβ. As probes, we used the
well-characterized mammalian PPRE of the acyl-CoA oxi-
dase and Cyp4A6 promoter (Cyp4A6-Z) (13), as well as po-
tential PPRE derived from the promoter of the plaice GSTA1
gene, a piscine gene previously shown to be positively regu-
lated by peroxisome proliferators (11). The sequences of
these PPRE are shown in Figure 5A. In contrast to the sea
bass PPARα, which lacks a proper initiation codon, both the
β and γ isotypes were efficiently translated in vitro (not
shown) and were used in EMSA. As shown in Figure 5B,
both receptors bound efficiently to all the PPRE that were

SEA BASS PPAR 1089

Lipids, Vol. 39, no. 11 (2004)

FIG. 5. The sea bass PPAR bind to PPAR response elements (PPRE) as heterodimers with retinoic acid receptors
(RXR). (A) The sequences, including the 5′ flanking sequences, of the different PPRE tested. Residues identical to the
consensus element, which is a direct repeat of the hexanucleotide sequence 5′-AGCTCA, spaced by one nucleotide
(DR-1) (10), are shaded and the hexanucleotide repeats are underlined. (B) Specific complex formation with in vitro
translated sea bass PPARβ and γ and mRXRβ on the 32P-labeled PPRE indicated. Arrows indicate the position of the
specific complexes and of the free probe. U is unprogrammed reticulocyte lysate. (C) The PPARγ/mRXRβ het-
erodimer on the acyl-CoA oxidase (ACO-A) probe is supershifted with the PPARγ -specific antibody (+) but not with
the preimmune serum (−). Cyp46-z, z element in the promoter of the cyp4A6 gene; GST, glutathione-S transferase.
See Figure 1 for other abbreviation.



tested, with the exception of the GSTA1.3 element. Indeed,
the GSTA1.3 element exhibited the least identity with the
consensus PPRE sequence (Fig. 5A) and, according to this
assay’s criteria, it does not constitute a functional DR-1 ele-
ment. However, a detailed analysis of the plaice GSTA1 pro-
moter is required in order to conclude whether this element is
functional or not. The presence of PPAR in the above EMSA
complexes was confirmed, in the case of PPARγ, by the use
of a marine fish PPARγ-specific antibody (Diez, A., and
Bautista, J.M., unpublished data) (Fig. 5C). For the β isotype,
competition experiments with specific and nonspecific probes
were performed and confirmed that the observed complexes
require both the presence of the PPAR protein and the DR-1
element (results not shown).

FA and hypolipidemic drugs are ligands of sea bass
PPARα and β. Residues that have been implicated both in lig-
and binding and in interactions with coactivator proteins in
well-characterized PPAR (20,21) appear to also be conserved
in the sea bass PPAR (Fig. 2). Therefore, we applied the
CARLA screen, an assay based on the ligand-induced inter-
actions of the receptor’s ligand-binding domain (LBD) with
coactivators (12), to determine whether the sea bass PPAR
share common ligands with their mammalian and amphibian
counterparts.

Sea bass PPARα and β LBD were expressed in E. coli, as
GST fusions and the CARLA screen were performed with
these two proteins, immobilized on glutathione-sepharose
beads, 35S-radiolabeled human steroid receptor coactivator-1
(SRC-1), and a variety of natural and synthetic compounds
(22). As shown in Figure 6, statistically significant SRC-1 in-
teractions with either the PPARα or β LBD were observed
with the FA linoleic, linolenic, and CLA. Regarding CLA, all
three isomers tested, in addition to a mixture of isomers, acted
as ligands of PPARβ, while only the 10E, 12Z and 9E, and
11E isomers in addition to the mixed isomers, promoted in-
teractions of the PPARα LBD with SRC-1. Similarly, the
arachidonic acid analog eicosatetraynoic acid (ETA), a known
ligand of both PPARα and β from other species (12,23,24),
also interacted with the two sea bass isotypes. As is the case
in other species (12,23,24), the hypolipidemic drug pirinixic
acid (Wy-14,643) was able to interact only with the sea bass
PPARα.

Neither of the FA phytanic, EPA, or DHA, nor the prosta-
glandin J2 metabolite 15d-∆12,14-PGJ2, a well characterized
mammalian PPARγ-specific ligand (25), were efficient in pro-
moting LBD–SRC-1 interactions. Thus, from these results
and at least for the compounds tested, the sea bass α and β
PPAR isotypes appear to share the ligand binding properties
of their mammalian and amphibian homologs.

DISCUSSION

We have isolated genes and cDNA encoding three distinct
PPAR from sea bass, and we have provided evidence that
these receptors are the structural and functional homologs of
the mammalian PPARα, β, and γ.

The genes of the sea bass PPAR are organized in a manner
similar to that of their mammalian homologs in terms of dif-
ferent exons encoding distinct functional regions of the re-
ceptors, implying a modular organization of the proteins’ do-
mains. Thus, as with other species, the A/B and D domains of
the receptors are encoded by individual exons, while two
exons—one for each of the Zn fingers—encode the C domain.
The main difference in the gene structure between the fish and
mammalian receptors lies within the exons coding for the E
domain. In the sea bass PPARα and β genes, this domain is
encoded by three exons, while in all other known PPAR
genes, it is encoded by only two exons (5).

The deduced protein products of the sea bass genes and
cDNA show extended amino acid sequence identity with their
mammalian homologs, especially at the C and E domains. Re-
garding the E domain, it is important to note that residues in-
volved in ligand binding, heterodimerization with RXR, and
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FIG. 6. Coactivator-dependent receptor ligand assay (CARLA) screen
for the identification of ligands for the PPARα and β isotypes of sea bass.
Upper panel: quantification of interactions (averages, with SD, of at
least three independent experiments) of the PPARα (empty bars) and
PPARβ (black bars) ligand binding domains (LBD) with SRC-1. A rela-
tive CARLA value of 1 is the amount of SRC-1 retained by the glu-
tathione-S tranferase (GST)-PPAR LBD in the absence of ligand (NL).
The compounds tested were: phytanic acid (PH); DHA; arachidonic
acid (AA); eicosapentaenoic acid (EPA); linolenic acid (LNA); linoleic
acid (LA); mixed isomers of CLA (CLAm); the 9E,11E (CLA9E), 9Z,11E
(CLA9Z), and 10E,12Z (CLA10E) isomers of CLA; 15d-∆12,14-PGJ2 (PG);
pirinixic acid-Wy-14,643 (WY); and eicosatetraynoic acid (ETYA). C is
the control (immobilized GST in the presence of 10−4 M CLAm. Statisti-
cally significant interactions (P < 0.05) of the PPARα LBD with SRC-1
were observed with LNA, LA, CLAm, CLA9E, CLA10E, WY, and ETYA.
The same compounds resulted in significant interactions of the PPARβ
LBD with SRC-1 with the addition of CLA9Z and the exception of WY.
Lower panel: Autoradiogram of 35S-labeled SRC-1 retained by the PPAR
LBD in the presence of selected compounds. See Figures 1 and 2 for
abbreviations.



association with coactivators in the mammalian receptors
(20,21) are also present in the sea bass PPAR. However, as a
result of sequence insertion in the region corresponding to the
additional exon present in the fish genes, both the sea bass
PPARα and γ E domains are longer than their mammalian
counterparts. Whether this insertion affects the overall struc-
ture of the domain, and therefore its function, remains to be
determined.

The structure–function relationships between sea bass
PPAR and PPAR from other species were assessed by com-
paring two fundamental properties of these receptors: DNA
binding and ligand recognition. The sea bass PPAR recognize
and bind to DR-1 elements as heterodimers with RXR. This
implies that the sea bass receptors are expected to regulate
transcription of piscine genes, which contain this type of ele-
ments in their promoter regions (6). Furthermore, sea bass
PPAR-mediated transcription must involve similar mecha-
nisms to those operating in mammals since, in terms of tran-
scription complex assembly, we have shown that these recep-
tors are capable of ligand-induced interactions with SRC-1, a
mammalian PPAR coactivator (22).

This latter property, as is applied in the CARLA screen, al-
lowed us to demonstrate that the sea bass receptors share
common ligands with their mammalian or amphibian coun-
terparts. Thus, both the α and β isotypes selectively associate
with FA and hypolipidemic compounds that have been shown
to be bona fide ligands of PPAR in other species (12,23,24).
In addition, we have confirmed that the specificity of the hy-
polipidemic compound pirinixic acid for PPARα extends to
this fish species.

Finally, the results presented herein demonstrate that the
sea bass PPAR genes exhibit a tissue expression pattern re-
sembling that observed in other species (17,18). Thus, the sea
bass PPARα isotype is mainly expressed in tissues with in-
creased β-oxidation activity, implicating this receptor in the
regulation of FA catabolism. Similarly, PPARγ, which as a
key factor in adipogenesis in mammals mainly expressed in
adipose tissue (26), is also expressed principally in this tissue
in sea bass. PPARβ, which has been recently proposed to
function as a widespread regulator of fat burning in mammals
(27), also exhibits a ubiquitous expression pattern in sea bass
tissues. Furthermore, the expression of the β isotype during
early development in sea bass suggests its involvement in the
mobilization of energy stored in the yolk sac and other criti-
cal functions (e.g., differentiation, membrane lipids synthesis
and turnover), as these have been proposed for mammals
(19).

Although a more detailed analysis is required to fully elu-
cidate the function of the sea bass PPAR, our results provide
sufficient evidence that PPAR structure and function evolved
before the divergence of the fish, amphibian, and mammalian
lines. Thus, the ancestral PPAR gene and the duplication
events that led to the appearance of distinct PPAR isotypes
are likely to precede the osteicthyan lineage and must be lo-
cated in the early vertebrates or the provertebrates. Interest-
ingly, partial PPAR gene sequences have been reported from

both lamprey (an early vertebrate) and amphioxus (a cephalo-
cord), although no information is available concerning the
presence of distinct PPAR isotypes in these organisms (28).

It should also be noted that we have recently isolated and
functionally characterized the three PPAR isotypes from ad-
ditional marine fish species (Boukouvala, E., Leaver, M.J.,
Antonopoulou, E., Diez, A., Favre-Krey, L., Bautista, J.M.,
Tocher, D.R., and Krey, G., manuscript in preparation). This
will allow us to confirm the observations made with the sea
bass PPAR, as far as the gene structure, expression, DNA
binding, and transcriptional activation properties are con-
cerned. The availability of these genes and cDNA will pro-
vide useful tools for the study of lipid metabolism in fish
species.

ACKNOWLEDGMENTS

We thank W. Wahli and M.G. Parker for gifts of plasmids. This
work was supported by the European Union (5FP, Project Q5RS-
2000-30360).

Competing interests statement

The authors declare that they have no competing financial interests.

REFERENCES

1. Sargent, J.R., Tocher, D.R., and Bell, J.G. (2002) The Lipids, in
Fish Nutrition, 3rd edn. (Halver, J. E. and Hardy, R.W, eds.),
pp. 181–257, Academic Press, San Diego.

2. Hillestad, M., Jonsen, F., Austreng, E., and Asgard, T. (1998)
Long Term Effects of Dietary Fat Level and Feeding Rate on
Growth, Feed Utilization and Carcass Quality of Atlantic
Salmon, Aquacult. Nutr. 4, 89–97.

3. Caballero, M.J., Lopez-Calero, G., Socorro, J., Roo, F.J.,
Izquierdo, M.S., and Fernandez, A.J. (1999) Combined Effect
of Lipid Level and Fish Meal Quality on Liver Histology of Gilt-
head Sea Bream (Sparus aurata), Aquaculture 179, 277–290.

4. Buzzi, M., Henderson, R.J., and Sargent, J.R. (1996) The Desat-
uration and Elongation of Linolenic Acid and Eicosapentaenoic
Acid by Hepatocytes and Liver Microsomes from Rainbow
Trout (Oncorhynchus mykiss) Fed Diets Containing Fish Oil or
Olive Oil, Biochim. Biophys. Acta 1299, 235–244.

5. Desvergne, B., and Wahli, W. (1999) Peroxisome Proliferator-
Activated Receptors: Nuclear Control of Metabolism, Endocr.
Rev. 20, 649–688.

6. Berger, J., and Moller, D.E. (2002) The Mechanisms of Action
of PPAR, Annu. Rev. Med. 53, 409–435.

7. Leaver, M.J, Wright, J., and George, S.G. (1998) A Peroxiso-
mal Proliferator-Activated Receptor Gene from the Marine Flat-
fish, the Plaice (Pleuronectes platessa), Mar. Env. Res. 46,
75–79.

8. Andersen, O., Eijsink, V.G., and Thomassen, M. (2000) Multi-
ple Variants of the Peroxisome Proliferator-Activated Receptor
(PPAR) γ are Expressed in the Liver of Atlantic Salmon (Salmo
salar), Gene 255, 411–418.

9. Keller, H., Dreyer, C., Medin, J., Mahfoudi, A., Ozato, K., and
Wahli, W. (1993) Fatty Acids and Retinoids Control Lipid Me-
tabolism Through Activation of Peroxisome Proliferator-Acti-
vated Receptor-Retinoid X Receptor Heterodimers, Proc. Natl.
Acad. Sci. USA 90, 2160–2164.

10. Ijpenberg, A., Jeannin, E., Wahli, W., and Desvergne, B. (1997)
Polarity and Specific Sequence Requirements of Peroxisome

SEA BASS PPAR 1091

Lipids, Vol. 39, no. 11 (2004)

 



Proliferator-Activated Receptor (PPAR)/Retinoid X Receptor
(RXR) Heterodimer Binding to DNA, J. Biol. Chem. 274,
20108–20117.

11. Leaver, M.J., Wright, J., and George, S.G. (1997) Structure and
Expression of a Cluster of Glutathione S-Transferase Genes
from a Marine Fish, the Plaice (Pleuronectes platessa),
Biochem. J. 321, 405–412.

12. Krey, G., Braissant, O., L’Horset, F., Kalkhoven, E., Perroud,
M., Parker, M.G., and Wahli, W. (1997) Fatty Acids,
Eicosanoids, and Hypolipidemic Agents Identified as Ligands
of Peroxisome Proliferator-Activated Receptors by Coactivator-
Dependent Receptor Ligand Assay, Mol. Endo. 11, 779–791.

13. Krey, G., Keller, H., Mahfoudi, A., Medin, J., Ozato, K., Dreyer,
C., and Wahli, W. (1993) Xenopus Peroxisome Proliferator-Ac-
tivated Receptors: Genomic Organisation, Response Element
Recognition, Heterodimer Formation with Retinoid X Receptor
and Activation by Fatty Acids, J. Steroid Biochem. Mol. Biol.
47, 65–73.

14. Zhu, Y., Qi, C., Korenberg, J.R., Chen, X.N., Noya, D., Rao,
M.S., and Reddy, J.K. (1995) Structural Organisation of Mouse
Peroxisome Proliferator-Activated Receptor γ, mPPARγ Gene:
Alternative Promoter Use and Different Splicing Yield Two
mPPAR Isoforms, Proc. Natl. Acad. Sci. USA 92, 7921–7925.

15. Braissant, O., Foufelle, F., Scotto, C., Dauça, M., and Wahli, W.
(1996) Differential Expression of Peroxisome Proliferator-Acti-
vated Receptors, PPAR: Tissue Distribution of PPARα, β, and γ
in the Adult Rat, Endocrinology 137, 354–366.

16. Dreyer, C., Krey, G., Keller, H., Givel, F., Helftenbein, G., and
Wahli, W. (1992) Control of the Peroxisomal β-Oxidation Path-
way by a Novel Family of Nuclear Hormone Receptors, Cell 68,
879–887.

17. Escher, P., Braissant, O., Basu-Modak, S., Michalik, L., Wahli,
W., and Desvergne, B. (2001) Rat PPAR; Quantitative Analysis
in Adult Rat Tissues and Regulation in Fasting and Refeeding,
Endocrinology 142, 4195–4202.

18. Dreyer, C., Keller, H., Mahfoudi, A., Laudet, V., Krey, G., and
Wahli, W. (1993) Positive Regulation of the Peroxisomal β-Oxi-
dation Pathway by Fatty Acids Through Activation of Peroxi-
some Proliferators-Activated Receptors (PPAR), Biol. Cell 77,
67–76.

19. Braissant, O., and Wahli, W. (1998) Differential Expression of
Peroxisome Proliferator-Activated Receptor-α, -β, and –γ Dur-
ing Rat Embryonic Development, Endocrinology 139,
2748–2754.

20. Nolte, R.T., Wisely, G.B., Westin, S., Cobb, J.E., Lambert,
M.H., Kurokawa, R., Rosenfeld, M.G., Willson, T.M., Glass,
C.K., and Milburn, MV. (1998) Ligand Binding and Coactiva-
tor Assembly of the Peroxisome Proliferator-Activated Recep-
tor-γ, Nature 395, 137–143.

21. Xu, H.E., Lambert, M.H., Montana, V.G., Plunket, K.D., Moore,
L.B., Collins, J.L., Oplinger, J.A., Kliewer, S.A., Gampe Jr,
R.T., McKee, D.D., Moore, J.T., and Willson, T.M. (2001)
Structural Determinants of Ligand Binding Selectivity Between
the Peroxisome Proliferator-activated Receptors, Proc. Natl.
Acad. Sci. USA 98, 13919–13929.

22. Kalkhoven, E., Valentine, J.E., Heery, D., and Parker, M.G.
(1998) Isoforms of Steroid Receptor Coactivator 1 Differ in
their Ability to Potentiate Transcription by the Oestrogen Re-
ceptor, EMBO J. 17, 232–243.

23. Forman, B.M., Chen, J., and Evans, R.M. (1997) Hypolipidemic
Drugs, Polyunsaturated Fatty Acids, and Eicosanoids are Lig-
ands for Peroxisome Proliferator-Activated Receptors α and δ,
Proc. Natl. Acad. Sci. USA 94, 4312–4317.

24. Kliewer, S.A., Sundseth, S.S., Jones, S.A., Brown, P.J., Wisely,
G.B., Koble, C.S., Devchand, P., Wahli, W., Willson, T.M.,
Lenhard, J.M., and Lehmann, J.M. (1997) Fatty Acids and
Eicosanoids Regulate Gene Expression Through Direct Interac-
tions with Peroxisome Proliferator-Activated Receptors α and
γ, Proc. Natl. Acad. Sci. USA 94, 4318–4323.

25. Kliewer, S.A., Lenhard, J.M., Willson, T.M., Patel, I., Morris,
D.C., and Lehmann, J.M. (1995) A Prostaglandin J2 Metabolite
Binds Peroxisome Proliferator-Activated Receptor γ and Pro-
motes Adipocyte Differentiation, Cell 83, 813–819.

26. Tontonoz, P., Hu, E., Graves, R.A., Budavari, A.I., and Spiegel-
man, B.M. (1994) mPPARγ2: Tissue Specific Regulator of an
Adipocyte Enhancer, Genes Dev. 8, 1224–1234.

27. Wang Y.X., Lee, C.H., Tiep, S., Yu, R.T., Ham, J., Kang, H.,
and Evans, R.M. (2003) Peroxisome Proliferator-Activated Re-
ceptor δ Activates Fat Metabolism to Prevent Obesity, Cell 113,
159–170.

28. Robinson-Rechavi, M., Marchand, O., Escriva, H., Bardet, P.L.,
Zelus, D., Hughes, S., and Laudet, V. (2001). Euteleost Fish
Genomes are Characterised by Expansion of Gene Families,
Genome Res. 11, 781–788.

[Received July 19, 2004; accepted November 20, 2004]

1092 E. BOUKOUVALA ET AL.

Lipids, Vol. 39, no. 11 (2004)

 



ABSTRACT: The peroxisome proliferator-activated receptors
(PPAR) are ligand-activated transcription factors that belong to
the nuclear hormone receptor family. Three isotypes (PPARα,
PPARβ or δ, and PPARγ) with distinct tissue distributions and
cellular functions have been found in vertebrates. All three PPAR
isotypes are expressed in rodent and human skin. They were ini-
tially investigated for a possible function in the establishment of
the permeability barrier in skin because of their known function
in lipid metabolism in other cell types. In vitro studies using spe-
cific PPAR agonists and in vivo gene disruption approaches in
mice indeed suggest an important contribution of PPARα in the
formation of the epidermal barrier and in sebocyte differentiation.
The PPARγ isotype plays a role in stimulating sebocyte develop-
ment and lipogenesis, but does not appear to contribute to epi-
dermal tissue differentiation. The third isotype, PPARβ, regulates
the late stages of sebaceous cell differentiation, and is the most
effective isotype in stimulating lipid production in these cells,
both in rodents and in humans. In addition, PPARβ activation
has pro-differentiating effects in kera-tinocytes under normal
and inflammatory conditions. Finally, preliminary studies also
point to a potential role of PPAR in hair follicle growth and in
melanocyte differentiation. By their diverse biological effects
on cell proliferation and differentiation in the skin, PPAR ago-
nists or antagonists may offer interesting oppotunities for the
treatment of various skin disorders characterized by inflamma-
tion, cell hyperproliferation, and aberrant differentiation.

Paper no. L9545 in Lipids 39, 1093–1099 (November 2004).

Peroxisome proliferator-activated receptors (PPAR) belong,
together with the receptors for thyroid hormones, retinoids,
steroid hormones, and vitamin D, to the nuclear hormone re-
ceptor family. They require heterodimerization with the
retinoid X receptors (RXR, NR2B) for binding to DNA as lig-
and-activated transcription factors that regulate the expres-
sion of target genes containing peroxisome proliferator re-
sponse elements (PPRE) in their promoters. The PPAR sub-
family consists of three isotypes, which are named PPARα
(NR1C1), PPARβ or δ (NR1C2), and PPARγ (NR1C3). Each
isoform is characterized by a distinct tissue distribution and

specific functions (1). PPARα has a main function in FA ca-
tabolism in the liver, and regulates amino acid metabolism,
urea synthesis, and inflammatory responses (1,2). PPARγ
plays a pivotal role in adipocyte differentiation and then in
maintenance of the differentiated state, as well as in lipid stor-
age. Furthermore, like PPARα, it has been implicated in the
downregulation of multiple inflammatory processes (1,2).
PPARβ is the most ubiquitously expressed isotype, but little
is known about its functions, mainly because of the lack, until
recently, of selective PPARβ agonists. Nevertheless, recent
studies have suggested a role for PPARβ in embryonic devel-
opment, colon tumorigenesis, skin wound healing, fat catabo-
lism, and oligodendrocyte differentiation (3,4).

Specific roles for PPAR in vertebrate development have
emerged from both in vitro and in vivo models, in particular
during the differentiation of adipose tissue, brain, and pla-
centa in mice (5). The importance of PPAR in lipid metabo-
lism in various cell types has led to the investigation of PPAR
expression and function during the differentiation of skin,
which is a tissue with high rates of FA and cholesterol metab-
olism largely devoted to the formation of the epidermal per-
meability barrier. During skin development, several nuclear
hormone receptors, including the estrogen, thyroid, androgen,
and retinoid receptors, and their respective ligands have been
implicated in the ontogeny of the epidermal barrier, hair folli-
cle growth, and skin homeostasis (6,7).

In this review, we will summarize the PPAR functions re-
cently identified in skin homeostasis, including epidermal
barrier formation, hair follicle growth, sebocyte differentia-
tion, and melanogenesis.

MAIN FUNCTIONS OF PPARα AND PPARβ IN THE
HEALTHY AND INJURED EPIDERMIS

The epidermis is renewed continuously and its integrity is de-
pendent on a tightly regulated balance between cell prolifera-
tion, differentiation, and apoptosis. During its maturation,
which happens mainly in the latest stages of fetal develop-
ment, the epidermis evolves from a single layer of epithelial
cells (periderm) to a fully stratified and differentiated epithe-
lium (Fig. 1). This process involves the sequential expression
of structural proteins (keratins, involucrin, loricrin, and filag-
grin) and synthesis of specific lipids (sphingolipids, FFA, and
cholesterol). The outermost layer of the epidermis, the stra-
tum corneum, is the end product of keratinocyte differentia-
tion and consists of a layer of cross-linked proteins and lipids,
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which functions as a barrier to transepidermal water loss and
as a defense against physical damage, microbes, and xenobi-
otics.

During mouse and rat embryonic development, all three
PPAR isotypes, and predominantly PPARβ, have been de-
tected in the interfollicular epidermis from embryonic day
13.5 (E13.5) onward (3,8). Interestingly, PPAR expression is
associated with all major events of the fetal maturation of the
epidermal barrier. After birth, PPAR gradually disappear from
the interfollicular epidermis to become undetectable in the
adult animals (Fig. 1) (3,9). In contrast, the three PPAR iso-
types are highly expressed in the basal and suprabasal layers
of human adult interfollicular epidermis (Fig. 1), with PPARβ
being again the predominant subtype (10,11). Consistent with
the expression pattern of PPAR in the developing rodent skin,
several reports have concentrated on the involvement of
PPAR in processes such as cell proliferation, differentiation,
and permeability barrier development (see Table 1). A vari-
ety of PPARα activators, including clofibrate, were shown to
accelerate the morphologic and functional maturation of the
epidermal permeability barrier in fetal rat skin both in vitro and
in vivo (12–14). This is evidenced by decreased transepidermal
water loss, increased epidermal stratification, and increased ex-
pression of the two specific late keratinocyte differentiation
markers, loricrin and filaggrin. PPARα ligands also inhibit epi-
dermal proliferation and induce keratinocyte differentiation in
adult mouse epidermis in vivo (15,16). Furthermore, these ac-
tivators restore epidermal homeostasis in murine models of
hyperproliferative epidermis (17). In contrast, the two PPARγ
ligands, troglitazone and prostaglandin J2, did not affect the
development of barrier function or epidermal morphology in
fetal rat skin (12), and no specific function in skin maturation

has been attributed so far to this isotype (Table 1). In favor of
a potential role of PPARβ in epidermal differentiation in ro-
dents, the pan PPAR(α/β) activator linoleic acid (18) was
shown to accelerate epidermal barrier development in fetal
rat skin explants (12). In addition, an important role of
PPARβ in mediating keratinocyte differentiation induced by
inflammation was demonstrated in mouse primary ker-
atinocytes (19). Importantly, the PPARβ-selective agonist
GW1514 stimulated mouse epidermal differentiation without
affecting cell proliferation in vivo, by inducing the expression
of the late differentiation markers filaggrin and loricrin (20).
Also, topical treatment of mice with GW1514 accelerates the
restoration of permeability barrier functions after disruption
by tape stripping, solvent, or detergent treatment (20), in sup-
port of the importance of the pro-differentiating effect of
PPARβ activation.

Novel information on the role of PPAR in epidermis homeo-
stasis also came from PPAR mutant mouse models. Although
normal skin architecture was initially reported in PPARα-
knockout mice (5,21), these animals show delayed fetal skin de-
velopment between E18.5 and birth, with defects in the forma-
tion of the stratum corneum (22). Morphologic analysis of adult
PPARα-null epidermis revealed a thinned stratum granulosum,
with focal parakeratosis, indicative of impaired keratinocyte dif-
ferentiation (15). Thus, consistent with its expression pattern,
PPARα might be important for the maturation of the epidermis
during late embryogenesis, but dispensable for normal renewal
of the epidermis in the adult animals. Interestingly, PPARα also
regulates the early inflammation phase during skin wound heal-
ing, as the recruitment of immune cells to the wound site is im-
paired in PPARα-null mice (3). PPARγ heterozygous mice, or
PPARγ-null mice born after placental rescue, show no defect in
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FIG. 1. Schematic representation of interfollicular epidermis development. During late fetal
development (between embryonic day E13.5 and the end of gestation) in mouse skin, the epi-
dermis changes from a single basal undifferentiated layer (basal layer) covered by a transient
superficial layer of cells (periderm), to a fully stratified and differentiated epithelium, with se-
quential formation of suprabasal layers (spinous and granular layers). The end product of dif-
ferentiation resides on the surface of the epidermis (stratum corneum) and provides the main
permeability barrier of the skin. Expression patterns of PPARα (α), PPARβ (β), and PPARγ (γ)
determined or not (nd) during mouse (3) and rat (8,9) epidermal development, and in human
adult interfollicular epidermis (10,11), are summarized in the bottom panel.



epidermal maturation (3,23). In addition, PPARγ-null cells are
able to participate in the formation of the epidermal tissue in
PPARγ-null and wild-type chimeric mice, suggesting very little
or no contribution of PPARγ in this process (24). Analysis of
PPARβ-mutant skin reveals no defect in fetal and adult epider-
mal architecture, or in the expression of keratinocyte differenti-
ation markers (3). However, epidermal hyperplasia in response
to tetradecanoylphorbol acetate (TPA) treatment was enhanced
in PPARβ-mutant animals, emphasizing the role for PPARβ in
the control of keratinocyte proliferation and differentiation
(3,25). Similarly, the slightly increased keratinocyte prolifera-
tion index in PPARβ heterozygous animals is also in favor of
the existence of such a control (3). Consistent with these obser-
vations, PPARβ expression is rapidly upregulated following
challenges that stimulate keratinocyte proliferation, such as hair
plucking or cutaneous injury, and skin wound healing is altered
in PPARβ-mutant mice (3), largely due to a disrupted balance
between proliferation and apoptosis (19,26), as well as to de-
fects in kera-tinocyte adhesion and migration (3,27).

Important roles of PPARα and PPARβ in human kera-
tinocyte differentiation were also reported (see Table 1). As
already mentioned, PPARβ is the predominant isotype in
these keratinocytes (10,11,28,29). Its expression remains high
and unchanged during the differentiation of cultured kera-
tinocytes, or during the stratification and keratinization of the
epidermis in in vitro reconstructed skin (10,28), whereas it in-
creases upon squamous differentiation in human tracheo-
bronchial epithelial cells (29). PPARα and PPARγ are expressed
at lower levels, but their expression increases upon keratinocyte

differentiation in similar models (10,28). In human ker-
atinocytes, PPARβ- (L-165041 and GW1514) and PPARα
(clofibrate and Wy-14,643)-selective agonists induce the expres-
sion of a number of epidermal differentiation markers, including
involucrin (10,20,30), whereas PPARγ ligands (BRL-49653 and
prostaglandin J2) have no effect (10,31). The hypothesis that
PPAR may also affect the metabolism of lipids in keratinocytes
is supported by the observation that PPARα ligand Wy-14,643
increased both the synthesis of cer-amides and cholesterol de-
rivatives in a human skin equivalent model (30). Also, the
PPARβ selective agonist GW1514 increases TG accumulation
and induces the adipose differentiation-related protein
(ADRP) and fasting-induced adipose factor (FIAF) expres-
sion in human keratinocytes, two proteins that have potential
important roles in lipid metabolism (20).

IMPLICATION OF PPAR IN HYPERPROLIFERATIVE
SKIN DISEASES

Based on their diverse biological effects on keratinocyte pro-
liferation and differentiation, PPAR ligands may become in-
teresting compounds for the treatment of various epidermal
disorders characterized by inflammation, keratinocyte hyper-
proliferation, and aberrant differentiation, such as psoriasis.
In support of an involvement of PPAR in psoriatic epidermis,
PPARβ expression was reported to be dramatically increased
in the hyperproliferative lesional skin from psoriatic patients
(11,28), probably as a response to pro-inflammatory signals
in the lesions. It is indeed well established that PPARβ gene
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TABLE 1
Effects of Peroxisome Proliferator-Activated Receptor Agonists in Various Cell Types of the Skina

Cell types Rodents Human

Keratinocytes α differentiation in vitro (WY; CLO; OA) differentiation (WY; CLO; OA) (15;30;31)
(12;14;17) and in vivo (WY; CLO) (13;15) lipid accumulation (WY) (20;30)

proliferation in vivo (WY; CLO) (15;17) proliferation (WY; CLO) (10;31)
β differentiation in vitro (LD; LA) (12;19) differentiation (LD; GW; TTA) (10;20)

and in vivo (GW) (20) lipid accumulation (GW) (20)
No effect on proliferation in vivo (GW) (20) No effect on proliferation (LD) (10)

γ No significant effect on differentiation No effect on differentiation (BRL; PGJ2) (10;31)
in vitro (TRO; PGJ2) (12) proliferation (TRO; BRL) (10;33)

Hair follicles α nd survival of cultured hair follicles (CLO) (34)
and melanocytes proliferation and melanogenesis in melanocytes (WY) (42)

β nd No effect on proliferation and melanogenesis
in melanocytes (BEZ) (42)

γ nd proliferation and melanogenesis in melanocytes (CIG) (42)

Sebocytes α differentiation (WY) (36;37;39) No effect on differentiation (WY) (38)
No effect on proliferation (WY) (39)

β differentiation (LA; PGI2) (36;37;39) differentiation (LA) (38)
proliferation (PGI2) (39)

γ differentiation (TRO; BRL) (36;37;39) No effect on differentiation (CIG) (38)
No effect on proliferation (TRO) (39)

aThis table summarizes the stimulatory ( ) or inhibitory ( ) effects of treatment with PPARα (α), PPARβ (β), and PPARγ (γ) agonists on the differ-
entiation and proliferation in various cell types derived from rat and mouse (Rodents) as well as human (Human) skin. These results were obtained
in in vitro studies, except in rodent keratinocytes where both in vitro and in vivo experiments were performed. Effects of PPAR ligands on the dif-
ferentiation of hair follicles and melanocytes in rodents have not been determined (nd). PPAR agonists used in each study are indicated as follows:
BEZ, bezafibrate; BRL, BRL-49653; CIG, ciglitazone; CLO, clofibrate; GW, GW1514; LA, linoleic acid; LD, L-165041; OA, oleic acid; PGI2, car-
baprostacyclin; PGJ2, 15-deoxy-prostaglandin J2; TRO, troglitazone; TTA, tetradecylthoacetic acid; WY, Wy-14,643.
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expression is upregulated in mouse skin in response to
inflammatory cytokines, such as tumor necrosis factor alpha
(TNF-α) (19). In addition, putative PPARβ ligands, such as
lipoxygenase products, are generated at high levels in psori-
atic skin lesions, and may therefore activate the increased
amount of PPARβ (11). The fact that PPARβ is probably nat-
urally highly active in the psoriatic lesions may explain why
the PPARβ agonist tetradecylthioacetic acid has no strong anti-
psoriatic effect when applied topically (32). By contrast to
PPARβ expression, no or little change in the cutaneous levels
of PPARα and PPARγ was observed in lesional psoriatic skin
(11,28), and the PPARα (clofibrate) and PPARγ (rosiglita-
zone) agonists had no effect when applied on psoriasis plaques
(32). Nevertheless, it is encouraging to note that treatment
with the synthetic PPARγ agonist troglitazone was reported
to normalize the histological characteristics of psoriatic skin
in organ culture, and to reduce the epidermal hyperplasia of
psoriasis in the severe combined immunodeficient mouse and
human skin transplant model of psoriasis (33). Finally, two
PPARα ligands (Wy-14,643 and clofibrate) were able to re-
store epidermal homeostasis in subacute and chronic models

of hyperproliferative epidermis in hairless mice (17), even
though these models do not perfectly mimic psoriatic or other
human disorders. Obviously, further in vivo and clinical stud-
ies are needed to better define the potentially beneficial roles
of PPAR in this pathology.

ROLE OF PPARS IN HAIR FOLLICLE 
AND SEBOCYTE DIFFERENTIATION

Skin epithelial progenitor cells give rise to the epidermis, as
well as to the epithelial component of skin appendages, in-
cluding hair follicles and their associated sebaceous glands.
Hair follicle morphogenesis is governed by complex bidirec-
tional interactions between epithelial keratinocytes and the
underlying dermal cells of the mesenchymal condensations
(Fig. 2). These interactions control a tight balance between
keratinocyte proliferation and apoptosis. In rodents, all three
PPAR isotypes are expressed in the differentiating hair folli-
cles from the early embryonic developmental stages (Fig. 2).
PPAR remain highly expressed in postnatal and adult hair fol-
licles, whereas they disappear from the interfollicular epider-
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FIG. 2. Schematic representation of murine hair follicle morphogenesis. Hair follicle develop-
ment occurs between embryonic day 14.5 (E14.5) and postnatal day 7 (P7) in mouse, and is
governed by bidirectional epithelial–mesenchymal interactions between epithelial kera-
tinocytes and dermal fibroblasts of underlying mesenchymal condensations. Following dermal
induction, hair follicle precursors appear first as thickening of the uniform epithelial surface
(placode, E14.5). Follicular epithelial cells will next proliferate, followed by downgrowth into
the dermis, leading to the elongation of hair follicles (Newborn), and will finally differentiate
into the typical structures of mature hair follicles, including root sheaths, hair matrix, and hair
shaft (Adult) (46). In parallel, melanin starts to be produced in the precortex region, and the
first sebocytes form the sebaceous gland (Newborn). Expression patterns of PPARα (α), PPARβ
(β), and PPARγ (γ) determined or not (nd) in mouse (8), rat (10), and human (35) hair follicles
at indicated stages, as well as in mature sebaceous glands (8,28,39), are given in the bottom
panels.



mis after birth (3,8), as already mentioned (see Figs. 1, 2). A
detailed analysis of the expression of PPAR in human hair fol-
licles shows that they are specifically located in both epithe-
lial and dermal hair follicle cells (34). In addition, the PPARα
ligand clofibrate was reported to increase the survival of
human hair follicles in vitro, within a narrow range of con-
centrations (Table 1) (34). Although a possible function of the
two other PPAR isotypes in hair follicle growth has not yet
been examined, it is interesting to note that conditional abla-
tion in the murine epidermis of RXRα, the most abundant
heterodimeric partner of PPARs in keratinocytes, results in
delayed hair follicle maturation and alopecia (35).

Chronologically, the latest differentiated cell type to ap-
pear in the developing follicle is the oil-rich sebocytes. They
arise from cells within the superficial hair follicle and will
eventually form a gland located outside the hair follicle. Se-
baceous lipogenesis, leading to the accumulation of lipid
droplets and finally to sebum excretion, represents a major
step in the differentiation process and differentiated state of
sebaceous gland cells. Rodent and human sebocytes were
shown to express the three PPAR, either in cell culture or in
vivo (Fig. 2), the predominant isotype being PPARβ (9,24,36−
38). Consistently, and in addition to androgens that are well
known to regulate the growth and maturation of sebocytes,
PPAR agonists and retinoids were recently found to affect se-
baceous gland differentiation (see Table 1). Activation of
PPARγ and PPARα by respective selective agonists has no ef-
fect on sebocyte growth (39), but stimulates lipid droplet ac-
cumulation in cultured rat preputial sebocytes, as assessed
histochemically using Oil Red O staining (36,37). This effect
was not observed in epidermal cells (37) or in cultured human
sebocytes (38), possibly due to the different selective PPAR
agonists or to various ligand concentrations used in each
study. In parallel, RXR selective ligands have prominent dif-
ferentiative and weak proliferative effects on sebocytes (40).
The RXRα selective rexinoid CD2809 also amplified the pro-
differentiative effect of PPAR in preputial sebocytes, suggesting
a cooperation between PPAR and RXR agonists in promoting
differentiation of these cells (39). In both rat and human cul-
tured sebocytes, the pan PPAR(α/β) activators carbaprostacy-
clin and linoleic acid were more effective than PPARα or
PPARγ agonists in stimulating sebocyte lipid droplet forma-
tion, suggesting an important contribution of PPARβ in this
process (37–39). Interestingly, PPARβ seems more important
in the late stages of sebocyte differentiation (37,38), whereas
it was involved in the early adipocyte differentiation (41),
suggesting that it plays different roles in the differentiation
program of each cell type.

It is noteworthy that, in spite of the relative importance of
PPAR in lipid metabolism and their high expression in sebo-
cytes, in neither PPARα nor PPARβ mutant mouse models
has sebaceous gland function been closely examined so far.
In contrast, inactivation of the PPARγ gene has underscored a
crucial contribution of PPARγ in sebocyte differentiation, 
although it appears dispensable for epidermal differentiation.

Indeed, and as already discussed, chimeric mice for PPARγ-
null and wild-type cells showed little or no contribution of
mutant cells to the development of sebaceous glands, suggest-
ing that PPARγ-null cells cannot develop into sebocytes (24).

NEW PUTATIVE FUNCTION OF PPARS IN
MELANOCYTE DIFFERENTIATION

The pigment-producing cells of the skin are called melano-
cytes and their activity is the major determinant of the color
of the hair and skin. Melanocytes originate from the neural
crest and migrate to the basal layer of the epidermis and the
hair matrix during embryogenesis. Interestingly, all three
PPAR were detected in cultured human melanocytes (42) and
in melanoma cells (43). Consistent with the role of PPAR ag-
onists in cellular proliferation and differentiation in kera-
tinocytes, PPARα (Wy-14,643) and PPARγ (ciglitazone) ligands
were shown to inhibit the proliferation and to stimulate the
melanin synthesis of cultured melanocytes (Table 1), whereas
bezafibrate, a preferential activator for PPARβ in Xenopus
(44), had no effect on melanin content (42). In agreement with
this study, several PPARγ agonists, including troglitazone and
rosiglitazone, were previously demonstrated to inhibit cell
growth in human malignant melanoma (43), and topical appli-
cation of retinoic acid was shown to improve hyperpigmented
skin lesions such as melasma (45). Because of their antipro-
liferative and prodifferentiative effect on melanocytes, it is
tempting to suggest that PPAR and RXR ligands may be ben-
eficial in the treatment of melanomas. However, too little is
known in this context for the moment, and further investiga-
tion is needed.

DISCUSSION AND HYPOTHESIS

These studies suggest that PPARα may contribute to seba-
ceous gland differentiation and epidermal permeability bar-
rier formation by increasing both lipid metabolism and ex-
pression of structural differentiation markers, whereas PPARγ
plays a unique role in stimulating sebocyte function. Further-
more, PPARβ was identified as the predominant isotype in the
skin, and as a modulator of cell differentiation in both ker-
atinocytes and sebocytes.

Because of their diverse biological activities in epidermal
processes such as keratinocyte proliferation and differentia-
tion, PPAR may represent a major research target for the un-
derstanding and treatment of many skin diseases resulting in
disturbance of normal tissue homeostasis and epidermal hy-
perproliferation, such as benign epidermal tumors, papillo-
mas, melanomas, and psoriasis. In addition, due to the in-
creasing number of studies implicating PPAR in the control
of sebocyte differentiation, the development of PPAR antago-
nists that can interfere selectively with sebum production may
constitute an important element in the prevention of acne vul-
garis, characterized by excess sebum production.
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ABSTRACT: Cholesterol (or other higher sterols such as ergos-
terol and phytosterols) is universally present in large amounts
(20–40 mol%) in eukaryotic plasma membranes, whereas it is
universally absent in the membranes of prokaryotes. Cholesterol
has a unique ability to increase lipid order in fluid membranes
while maintaining fluidity and diffusion rates. Cholesterol im-
parts low permeability barriers to lipid membranes and provides
for large mechanical coherence. A short topical review is given
of these special properties of cholesterol in relation to the struc-
ture of membranes, with results drawn from a variety of theoret-
ical and experimental studies. Particular focus is put on choles-
terol’s ability to promote a special membrane phase, the liquid-
ordered phase, which is unique for cholesterol (and other higher
sterols like ergosterol) and absent in membranes containing the
cholesterol precursor lanosterol. Cholesterol’s role in the for-
mation of special membrane domains and so-called rafts is dis-
cussed.

Paper no. L9572 in Lipids 39, 1101–1113 (November 2004).

LIPIDS IN THE POST-GENOMIC ERA

Among the molecules of life, proteins and nucleic acids (DNA,
RNA, and genes) have by far received the major attention
among scientists as well as the public during the second half of
the 20th century. Owing to the tremendous focus on genomics
and protein-based biological functioning, lipids and FA have
remained outside the mainstream of most areas of the life sci-
ences. In many respects, lipids were becoming an overlooked
class of molecules (1). The status of lipids is, however, in the
process of changing. It is becoming clear that not all the an-
swers to biological function can be derived from the genome.
For example, it is not written in the genome how the molecular
building blocks are assembled into macromolecular assem-
blies, organelles, and whole cells. Nor can one read in the
genome how biological activity is regulated or how cells are
molecularly organized.

Biological membranes are outstanding examples of molecu-
lar assemblies of extreme complexity whose structure and func-
tion cannot be determined from the genome alone and which pre-

sent some grand challenges to science (2,3). However, progress
in the fundamental understanding of membranes has not been
impressive compared with that related to proteins and DNA.
There are no genes coding for lipids as such, only for the en-
zymes that build and modify the lipids and FA. It is somewhat
paradoxical that the preoccupation with well-defined molecular
structure, which led to so many successes in structural biology
during the 20th century, may be the reason why an advance in
the understanding of lipid membrane structure, and structure–
function relationships for membranes, has been rather slow. The
problem is that if one searches for well-defined structures in
membranes in the same way as investigations are made of the
structure of genes and proteins, one is likely to be unsuccessful.
The reason is that membranes are self-assembled molecular ag-
gregates in which subtle elements of structure arise out of a state
of considerable disorder. Disordered and partly ordered systems
are notoriously difficult to characterize quantitatively. The role
of certain sterols such as cholesterol for ordering of membranes
is of particular importance in this context.

Lipids are now known not to be only structural builders of
the cell and an energy source for cell functioning. In the form
of membranes, lipids are crucial for controlling indirectly a
great variety of biological functions that take place at or are
mediated by membranes. Recent research has shown that the
functional role of membrane lipids may be as important as that
of the proteins. Not only do lipids act as a passive solvent for
the proteins and as a means of compartmentalization, they are
also an integral part of cellular function (4). Many lipid species
are now known to play a very active role, serving as second
messengers that pass on signals and information in the cell.
Lipids also play the roles of enzymes, receptors, and drugs, as
well as regulators of, e.g., neurotransmitter activity. Disorder
in the lipid spectrum of cells has recently been related not only
to atherosclerosis but also to major psychiatric illnesses (5). It
has been proposed that polyunsaturated lipids provide an evo-
lutionary driving force supplementing Darwinian natural selec-
tion (6). All these factors emphasize a necessary shift from a
one-eyed genocentric approach to lipids and membranes to-
ward a more balanced organocentric view. This puts the study
of the physical properties of membranes at a very central posi-
tion. It is for good reasons that a recent review paper in a phys-
iology journal could carry the title “Getting Ready for the
Decade of the Lipids” (7).

Lipids and membranes are coming back on the scene as a
key research area in the postgenomic era, and there is a tremen-
dous need for knowledge about the ways in which lipids are in-
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volved in the various stages of cell function. In particular, it is
necessary to achieve deeper knowledge about the lateral struc-
ture and molecular organization of lipid membranes, e.g., in
terms of lipid domains or “rafts”, on length scales that are rele-
vant to the particular membrane phenomena in question. This
puts emphasis on the nanometer scale and makes membrane
science a true nanoscience. In fact, biological membranes as a
microencapsulation technology can be seen as Nature’s pre-
ferred nanotechnology. Membranes are ultra-thin layers only
about 5 nm thick, and they have delicate structural features
over scales from 1 to 1000 nm. Biological membranes are opti-
mized by evolutionary processes to function on the nanometer
scale. Also in this respect, cholesterol is an important player.

In the present topical review we shall describe our current
understanding of the way in which cholesterol and related
sterols affect the physical properties of lipid membranes with
focus on simple lipid bilayers and liposomes as model mem-
branes. Hence, we shall focus attention on cholesterol as a
structural element of membranes, and refer to the literature for
information on cholesterol’s signaling functions (8). After a
short note on the role of cholesterol in the evolution of mem-
branes, we describe the particular phase equilibria that choles-
terol induces in lipid membranes. We characterize the special
liquid-ordered phase that is unique for membranes containing
cholesterol. We shall compare cholesterol with other sterols,
such as ergosterol, and point out that the precursor for the for-
mation of the higher sterols, lanosterol, does not support the
liquid-ordered phase and hence is not able to form rafts. The
particular properties that cholesterol imparts to lipid bilayers
will be described based on the phase diagram, in particular, per-
meability, binding capacity for solutes such as alcohols, me-
chanical stiffness, lipid-chain ordering, lateral diffusion, mem-
brane thickness, lateral membrane organization, and aspects of
protein function.

A NOTE ON MEMBRANE EVOLUTION

Lipids or other interface-forming molecules were required for
forming the capsules that could separate useful enzymes and
genes from the environment. Obviously, life as it evolved since
its first appearance on Earth about 3.8 billion years ago used the
molecules available, either those already existing or the new ones
that were produced by various living organisms. The life forms
that were fit would survive according to the Darwinian selection
principles. Cholesterol or related higher sterols such as ergos-
terol and sitosterol (see Fig. 1) were not available for a very long
time for the very reason that the chemical conditions for the bio-
chemical synthesis of these sterols were not there. Molecular
oxygen was lacking. For convenience, we shall in the present
section refer mostly to cholesterol in our discussion; conse-
quently, the discussion is pertinent to animal life. In the case of
plants and fungi, cholesterol is replaced by phytosterols (e.g.,
sitosterol) and ergosterol, respectively. The differences in molec-
ular structure of these three higher sterols, as shown in Figure 1,
are of minor importance for the general arguments presented
below.

For an appreciation of how the advent of cholesterol re-
leased new driving forces for the evolution of higher organ-
isms, it is instructive to study the variation in the concentration
of molecular oxygen in the atmosphere of Earth since its cre-
ation almost five billion years ago. One then finds that the oxy-
gen partial pressure in the atmosphere correlates with major
events in the evolution of life (9). Before the evolution of the
blue-green cyanobacteria that could produce O2 by photosyn-
thesis, the partial pressure of O2 was as low as one part of in 10
million of an atmosphere. It increased gradually to concentra-
tions that were large enough to support life forms that exploit
oxygen by respiration, possibly around 2.8 to 2.4 billion years
ago. Up until then, eubacteria and archaebacteria were the only
forms of life. Along with the availability of O2, eukaryotic life
came on the scene. From then on, as the oxygen pressure was
rising, there was a proliferation of eukaryotic diversity. This
suggests that there is a conspicuous coincidence between the
rise of the eukaryotes and the availability of molecular oxygen.

It has been proposed (9) that the availability of molecular
oxygen removed a bottleneck in the evolution of species and
that the crucial molecular entity in this process is cholesterol
(and related sterols). This proposal is supported by the fact that
eukaryotes universally contain high concentrations of choles-
terol in their plasma membranes, whereas cholesterol is uni-
versally absent in prokaryotes (10). It should be added that the
internal membranes of eukaryotes contain very low concentra-
tions of cholesterol. There is a striking gradient in the choles-
terol concentration from the mitochondria (3 wt%), over endo-
plasmic reticulum (6 wt%), to the Golgi (8 wt%). The fact that
mitochondria have almost no cholesterol is in line with Lynn
Margulis’ symbiosis theory, according to which the mitochon-
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FIG. 1. Structural formulas for higher sterols: cholesterol, ergosterol,
and sitosterol.



dria in eukaryotes are ancient prokaryotes that were engulfed
by the eukaryotes to take care of the respiratory process.

The background for assigning to cholesterol a unique role
in evolution is to be found in the fundamental work by Konrad
Bloch (11,12) who worked out the biochemical pathway for the
synthesis of cholesterol. According to Figure 2, this pathway
ranges from squalene, over lanosterol, to cholesterol. The path
starts with the linear molecule squalene that becomes cyclized
into the characteristic steroid ring structure. Bloch showed that
there is no plausible way of cyclizing squalene in the absence
of oxygen, and it is even more unlikely, if not impossible, to
perform the next steps that lead from lanosterol to cholesterol.
These steps can be seen as a successive streamlining of the hy-
drophobic surface of the sterol by removing from one to three
of the methyl (–CH3) groups that protrude from the flat face of
the molecule. Chemical evolution in the absence of molecular
oxygen along the sterol pathway would therefore have to stop
with squalene. Bloch has termed the oxidative process leading
to cholesterol “the evolutionary perfection of a small molecule”
and thereby pointed out that not only genes changed during
evolution; so did lipids and, in particular, sterols.

The significant difference in molecular smoothness between
lanosterol and cholesterol can be seen in Figure 3. The three
additional methyl groups on lanosterol make this molecule
rougher and more bulky than cholesterol. It is surmised that
Darwinian evolution has selected cholesterol for its ability, via
its smoothness, to optimize certain physical properties of the
membranes. It is unclear, however, which physical properties
are the relevant ones in this context; moreover, the degree of
optimization that can be provided by cholesterol is uncertain.

A clue to these questions may come from considering the
actual biosynthetic pathway to cholesterol as the living “fossil”
of the evolutionary pathway to cholesterol. Along this pathway,

lanosterol is a precursor to cholesterol. In other words, the tem-
poral sequence of the biosynthetic pathway could be taken to
represent the evolutionary sequence. The evidence for this
viewpoint comes from Konrad Bloch’s studies of sterol bio-
chemistry and organism evolution. This evidence appears
highly convincing. The concept of living molecular fossils of-
fers a framework for a research program geared toward identi-
fying the physical properties that are relevant to evolutionary
optimization, without having to face the impossible problem of
performing experiments on evolutionary time scales. Such a
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FIG. 2. Biosynthetic pathway for synthesis of sterols from squalene, to
lanosterol, to cholesterol. 

FIG. 3. Chemical structures and space-filling models of cholesterol and
lanosterol, highlighting lanosterol’s extra three methyl groups that lead
to a hydrophobically less smooth surface of the molecule. 



research program has been initiated in the laboratories of the
present authors and their colleagues, and some of the results
derived from this program are reported below.

CHOLESTEROL-INDUCED ORDER
AND PHASE EQUILIBRIA 

Membrane sterols are amphiphilic molecules that, with their
small hydrophilic –OH head group, intercalate in lipid bilayers
as illustrated in Figure 4 in the case of cholesterol. A choles-
terol molecule can span about half a bilayer. It is well known
that cholesterol regulates lipid chain order. Indeed, the lipid
molecules depicted in Figure 4 are subject to a substantial or-
dering induced by the presence of the cholesterol molecules.
The membrane patch shown in Figure 4 is in a liquid (fluid)
state that, in the absence of cholesterol, is characterized by
translational disorder and rapid lateral diffusion and by a sub-
stantial degree of lipid chain disorder. The bilayer phase is
hence termed a liquid-disordered phase. On lowering the tem-
perature, the lipid bilayer undergoes a phase transition (at a
temperature Tm) that takes the bilayer to a state with in-plane
translational order (as in a 2-D crystal) and slow lateral diffu-
sion, and a substantial degree of lipid-chain order. This phase
is therefore termed the solid-ordered phase. The presence of
cholesterol complicates this picture. 

In Figure 5 is shown experimental data for the lipid-chain
order as measured by deuterium NMR (13) on lipid bilayers
formed of 1-palmitoyl-2-petroselinoyl-3-phosphocholine
(PPEt-PC) mixed with various amounts of either cholesterol or
lanosterol. Pure PPEt-PC bilayers have a phase transition from
the solid-ordered phase to the liquid-disordered phase at
16.8°C. For both sterols, there is a progressive ordering of the
lipid chains above the transition and a suppression of order
below the transition. However, lanosterol’s ability to induce
order in the fluid phase is considerably less than that of choles-
terol, as shown in Figure 6. Moreover, whereas cholesterol only

slightly changes the position of the transition region, lanosterol
leads to a substantial broadening and downward shift of the
transition region.

Data of the type presented in the top part of Figure 5, to-
gether with data from thermodynamic measurements as well as
results from theoretical calculations, have laid the foundations
for proposing a generic phase diagram for lipid–cholesterol
mixtures as presented in Figure 7. This phase diagram has a pe-
culiar feature: There is a remarkably small effect of freezing-
point depression, which leads into an invariant three-phase line,
signaling the appearance of a new phase, the liquid-ordered
phase, first proposed by Ipsen et al. (14) on basis of some sem-
inal experimental data obtained by Vist and Davis (15). The
liquid-ordered phase is a liquid in the sense that there is trans-
lational disorder and rapid diffusion in the plane of the bilayer,
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FIG. 4. Patch of a fluid 1,2-palmitoyl-3-phosphocholine (DPPC) lipid
bilayer incorporated with 20% cholesterol. The picture is obtained from
Molecular Dynamics simulations. The DPPC molecules are shown in
thin lines, and the cholesterol molecules are highlighted in a space-fill-
ing representation. Water molecules are not shown. Courtesy of Mr.
Michael Petra and Dr. Ilpo Vattulainen.

FIG. 5. Lipid-chain order as monitored by the first moment, M1, of the
quadrupolar NMR spectrum of 1-palmitoyl-2-petroselinoyl-3-phospho-
choline (PPEt-PC)-cholesterol and PPEt-PC-lanosterol lipid bilayers. The
sterol concentration is counted from the bottom of the curves seen from
the right-hand side as: 0, 5, 10, 15, 20, and 30%. Adapted from Refer-
ence 13.



but at the same time this phase has a high lipid-chain confor-
mational order. Owing to the high order in the liquid-ordered
phase, the bilayer is almost as thick here as in the solid-ordered
phase and hence has, as we shall see later, many of the desir-
able mechanical properties of a solid membrane without actu-
ally being crystalline. The liquid-ordered phase is unique for
cholesterol and other higher sterols!

Lanosterol is unable to stabilize a liquid-ordered phase as
shown in Figure 8, where the phase diagrams for the PPEt-PC
bilayer with, respectively, lanosterol and cholesterol are dis-
played. Hence, it may be surmised that an evolutionary advan-
tage of cholesterol may be its ability to promote and stabilize a
liquid-ordered phase over a substantial range of temperatures

and sterol concentrations. In particular, the evolution from
lanosterol to cholesterol may be pictured as an evolution in the
phase equilibria toward a situation with a stable liquid-ordered
membrane phase (cf. Figure 8).

Owing to the difficulty in reliably extracting phase equilibria
from experimental studies of lipid bilayers with sterols, only very
few systems have been investigated in detail. The general trend
is, however, that cholesterol in lipid bilayers made of different
kinds of lipids leads to a phase diagram of the type shown in Fig-
ure 7. Recently, the phase equilibria in 1,2-palmitoyl-3-phospho-
choline (DPPC) lipid bilayers with ergosterol have been investi-
gated (16), and the resulting phase diagram has been deduced as
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FIG. 6. Ordering, S, of lipid chains in PPEt-PC bilayers induced by
lanosterol and cholesterol as a function of sterol concentration (mol%).
Adapted from Reference 13. The ordering, S, is related to the first mo-
ment, M1, of the quadrupolar NMR spectrum, as M1 = πe2qQS/(31/2h),
where e2qQS/h is the static quadrupolar coupling constant. For abbrevia-
tion see Figure 5. Symbols refer to experimental data and solid lines to
theoretical predictions.

FIG. 7. Generic phase diagram for phosphocholine lipid bilayers mixed
with cholesterol. A simple representation is given of the lateral structure
and organization of the bilayers as composed of ordered and disordered
lipid chains and cholesterol. The critical point is marked by an asterisk.
The cholesterol concentration is given in mol%. T = temperature; Tm,
temperature of phase transition.

FIG. 8. Evolution from lanosterol to cholesterol, seen as an evolution in
the phase equilibria toward a situation with a stable liquid-ordered
membrane phase. The labels on the different phases correspond to the
liquid-disordered (ld) phase, the solid-ordered (so) phase, and the liq-
uid-ordered (lo) phase. The sterol concentration is given in mol%.
Adapted from Reference 13. The error bars indicate experimental confi-
dence limits.



shown in Figure 9. This phase diagram shows that ergosterol also
promotes a liquid-ordered phase leading to the proposal that a
unique feature of all higher sterols is that they can stabilize a liq-
uid-ordered phase in lipid membranes.

LATERAL ORGANIZATION

In addition to its ability to increase lipid-chain order in fluid
membranes, cholesterol is believed to play a crucial role in the
lateral organization of lipid membranes on a small scale, in the
form of specialized lipid domains (17–19) or rafts (20–23). The
presence of small-scale lateral structure in biological mem-
branes and its importance for biological activity has received
increasing attention in recent years. There are several reasons
for this situation. First, single-particle tracking techniques re-
vealed that labeled lipid or protein molecules performed a pe-
culiar lateral diffusive motion that suggested they were tem-
porarily confined to a small region of the membrane surface
(24). Second, in the biochemical treatment of cold membrane
samples with often rather harsh detergents, such as Triton X-
100, a certain fraction of the membranes was discovered to be
resistant to the detergent, and it was suggested that this fraction
corresponds to supramolecular entities floating around in fluid
membranes as a kind of raft. Rafts were surmised to behave as
functional units supporting various functions (20). However,
there is yet to be found an unambiguous structural correlate of
the biochemically defined raft.

A common characteristic of the rafts is that they contain
high levels of cholesterol and sphingolipids as well as saturated
phospholipids (25–28). The presence of sphingolipids, such as

sphingomyelin or glycosphingolipids, which often have high
phase transition temperatures, and cholesterol, which promotes
ordering of the lipid chain, led to the suggestion that the rafts
had a structure similar to the liquid-ordered phase in the
lipid–cholesterol phase diagram in Figure 7.  However, at pre-
sent there is only very limited evidence for the phospholipids
in the rafts actually having a liquid-ordered structure. More-
over, the general understanding of the term liquid-ordered and
where it comes from seems to be fairly limited (22).

Rafts are believed to be associated with peripheral and trans
membrane proteins that stabilize the rafts and function in con-
nection with the rafts. Raft-like entities are, however, also found
in simple lipid mixtures containing sphingomyelin, cholesterol,
and phospholipids. This is demonstrated in Figure 10, which
shows images obtained from atomic force microscopy of the
mixture dioleoyl phosphocholine (DOPC)/sphingomyelin/cho-
lesterol in the form of lipid bilayers on solid supports (29). Do-
mains of micrometer and submicrometer size are seen in the
image to the left, and the frame to the right demonstrates that
these domains or rafts resist treatment with detergent.

Further evidence for the presence of domain structures in na-
tive membrane extracts can be found in Figure 11 (left image),
which shows fluorescence microscopy images of giant unilamel-
lar vesicles formed of native pulmonary surfactant containing
both lipids and the native proteins (30). The image displays large
micrometer-sized domains of coexisting liquid-disordered and
liquid-ordered phases. Further analysis has demonstrated that the
integral pulmonary surfactant proteins reside in the fluid-disor-
dered domains (30). On extraction of the proteins, the general
structure of the domain pattern remains, suggesting that the pro-
teins are not crucial for the domain formation. 

Native pulmonary surfactant contains about 8–15% choles-
terol, which is believed to be important for the mechanical
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FIG. 9. Phase diagram for DPPC lipid bilayers mixed with ergosterol.
The labels on the different phases correspond to the liquid-disordered
(ld) phase, the solid-ordered (so) phase, and the liquid-ordered (lo)
phase. Adapted from Reference 16. 

FIG. 10. Atomic force microscopy image of lipid bilayers made of raft
mixtures of 1:1 dioleoyl phosphocholine (DOPC)/sphingomyelin con-
taining 25% cholesterol. Before (a) and after (c) treatment with the de-
tergent Triton X-100 at 4°C. Underneath the images are shown in (b)
and (d) the corresponding cross sections of the height profile along the
horizontal lines shown at the images above. The images are 5 × 5 µm
and the scale bars are 1 µm. Adapted from Reference 29.



functioning of the lung film. It is shown in Figure 11 (right
image) that, whereas the proteins are not important for domain
formation, cholesterol certainly is. Following extraction of cho-
lesterol from the vesicles by cyclodextrin, the domain pattern
changes into a more ramified and fractal structure characteris-
tic of liquid–solid phase equilibria (30). Hence, it appears that
cholesterol is an important regulator of small-scale membrane
organization in native membranes. 

Little quantitative knowledge is available about the lateral
structure of lipid–sterol mixtures in the liquid-ordered phase as
well in the region of coexistence of the liquid-disordered and
liquid-ordered phases (cf. the generic phase diagram in Fig. 7).
Recent analysis of NMR data for the DPPC-ergosterol system
has, however, revealed interesting results pointing to the possi-
bility that the coexistence region does not consist of macro-
scopically separated phases but rather very small, nanometer-
scale domains (16). Concerning the lateral structure of the liq-
uid-ordered phase, some insight has been obtained from
computer-simulation calculations (13), which indicate, as illus-
trated in Figure 12a, that very small dynamic domains indeed
prevail in the liquid-ordered phase. These domains can be de-
scribed as a stringy pattern of alternating rows of cholesterol
molecules and rows of conformationally ordered lipid mole-
cules. This dynamic small-scale structure is best picked up by
the structure factor shown in Figure 12b, which shows a small
peak corresponding to a 5-Å coherence length. It is a remark-
able observation that when cholesterol is replaced by lanos-
terol, this peak disappears and there is no sign of a small-scale
structure in the simulations. A related structure of lipid–cho-
lesterol systems has been observed by McConnell and Rad-
hakrishnan in terms of so-called complexes (31).

MEMBRANE PROPERTIES REGULATED
BY CHOLESTEROL

We now briefly describe how physical, physicochemical, and
certain functional properties of membranes are modulated and

WHAT’S SO SPECIAL ABOUT CHOLESTEROL? 1107

Lipids, Vol. 39, no. 11 (2004)

FIG. 11. Lipid domains in native pulmonary surfactant membranes consisting of lipids and proteins. Confocal fluo-
rescence microscopy images of giant unilamellar vesicles composed of native pulmonary surfactant membranes be-
fore and after cholesterol extraction by methyl-β-cyclodextrin at 37°C. Adapted from Reference 30. Courtesy of Dr.
Luis Bagatolli. 

FIG. 12. (a) A local configuration of lipid and cholesterol molecules as
obtained from a computer-simulation calculation on a simple model of
lipid–cholesterol bilayers. The configuration shows a threadlike distrib-
ution of lipid and cholesterol molecules. Lipid chains in the ordered
state are shown by filled circles, lipid chains in the disordered state are
shown by open circles, and cholesterol molecules are shown by
crosses. (b) The partial structure factor describing the distribution of the
sterol molecules in the membranes, Ssterol(|q|), calculated by computer
simulation at T = 0.9806Tm and xsterol = 0.367. Schol(|q|) is shown by
the filled circles and Slan(|q|) by the open diamonds. For clarity, the
curve for Slan(|q|) has been shifted along the y axis. The values of the
wave vector |q| are given in units of 2π/d, where d is a hard-core diam-
eter assigned to the lipid and sterol particles in the simulational model.
The arrows indicate an unusual structural signal in addition to the usual
peaks characteristic of liquid structure. The inset shows the total struc-
ture factor, ST(|q|), for the two lipid–sterol systems. Adapted from Ref-
erence 13.



regulated by cholesterol. The account is in no way exhaustive,
and the reader is referred to full review papers that provide
more information (32–34).

Permeability. One of the primary reasons for the presence
of cholesterol in eukaryotic membranes is probably its ability
to regulate passive membrane permeability. In Figure 13 is
shown a set of data for the passive permeation of Na+ ions
through lipid bilayers of DPPC (35). In the absence of choles-
terol, a dramatic peak at the phase transition demonstrates that
the bilayer becomes very leaky in this region. The reason for
this anomalous behavior is the lateral structural heterogeneity
of the bilayer, which is caused by the strong density fluctua-
tions at the transition. In the presence of large amounts of cho-
lesterol (here 40 mol%), the peak disappeared, implying that
cholesterol increased the permeability barrier. The reason for
this suppression is twofold. First, the lateral density fluctua-
tions at the transition are suppressed. Second, by ordering the
lipid chains (cf. Figs. 5 and 6) the bilayer is thickened, leading
to an increase in the permeability barrier. Conversely, low lev-
els of cholesterol have the opposite effect. This is explained via
the phase diagram in Figure 7, which at low cholesterol con-
centrations exhibits only a very small freezing-point depres-
sion and a very narrow solid-ordered–liquid-disordered phase-
separation region.

Cholesterol’s ability to suppress passive permeability also has
been found for a large variety of other compounds, suggesting
that the mechanisms described above are fairly generic (36).

Binding of solutes. As a consequence of fluctuations pre-
vailing at the pure lipid-bilayer phase transition as just de-
scribed, the bilayer becomes not only prone to permeation but

also susceptible to peripheral penetration and binding of vari-
ous compounds, such as simple alcohols. An example is shown
in Figure 14, where the bilayer/water partition coefficient of
ethanol is shown for dimyristoyl phosphocholine (DMPC) lipid
bilayers as a function of temperature (37). A dramatic peak at
the phase transition is observed, implying that the bilayer
strongly adsorbs ethanol as a result of the density fluctuations.
These fluctuations and the concomitant lateral bilayer hetero-
geneity presumably provide for more binding sites at the bi-
layer–water interface where the ethanol molecules are know to
associate preferentially. Large amounts of cholesterol (here 35
mol%) are found to lead to a substantial reduction in the parti-
tion coefficient. Hence, cholesterol acts as an antagonist to al-
cohol binding to membranes. In line with the foregoing obser-
vation regarding passive permeability, small levels of choles-
terol lead to the opposite effect, i.e., stronger binding of
ethanol, again presumably because the particular properties of
the lipid–cholesterol phase diagram at low cholesterol concen-
trations imply an enhancement of the lateral density fluctua-
tions of the bilayer.

Thermomechanics. The density fluctuations at the lipid-bi-
layer phase transition also have consequences for the thermo-
mechanical properties of the bilayer. A lipid bilayer can be de-
scribed in terms of a number of mechanical modules, specifi-
cally the area–compressibility modulus, K(T), and the bending
elastic modulus, κ(T). At the transition, both of these modules
are known to display a dramatic minimum, implying that the
bilayer becomes softened at the phase transition both in terms
of bending and compression. As a consequence, properties that
are functions of these modules also become dramatically renor-
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FIG. 13. The effect of cholesterol on the passive permeability (in arbi-
trary units) of sodium ions through DPPC lipid bilayers. Adapted from
Reference 35. For abbreviation see Figure 4.

FIG. 14. The effect of cholesterol on the binding of ethanol to dimyris-
toyl phosphocholine (DMPC) lipid bilayers. Adapted from Reference
37. The partitioning coefficient is given in arbitrary units.

DMPC



malized in the transition region (38). One such property is the
interlamellar, entropic undulation force that operates between a
stack of lipid bilayers organized in a multilamellar stack as il-
lustrated in the inset to Figure 15. The smaller the bending
modulus, the larger the interlamellar force and hence the larger
the equilibrium (repeat) distance, d, between adjacent layers.
This effect is illustrated in Figure 15 for the case of perdeuter-
ated DMPC bilayers in the phase-transition region, where d vs.
I exhibits a peak at the transition temperature, suggesting that
anomalous swelling has set in. On incorporation of more than
about 4 mol% cholesterol, the anomalous swelling disappears.
This may be explained by the ability of cholesterol to increase
the bending modulus κ and hence diminish the repulsive undu-
lation force. This in turn leads to a decrease in the equilibrium
separation between adjacent lamellae. In contrast, small levels
of cholesterol have the opposite effect. Again we rationalize
this in terms of the lipid–cholesterol phase equilibria and the
enhanced density fluctuations for small cholesterol concentra-
tions.

Recently, K and κ have been measured quantitatively for
giant unilamellar vesicles using vesicle fluctuation analysis and
micropipette aspiration techniques [39; Henriksen, J.R., Rowat,
A.C., Thewalt, J., Brief, E., Zuckermann, M.J., and Ipsen, J.H.,
(unpublished data)], and results have been obtained for palmi-
toyl-oleoyl phosphocholine (POPC) vesicles containing cho-
lesterol, ergosterol, and lanosterol. The general finding from
these experiments, which all have been carried out at room
temperature (i.e., in the fluid phase of the POPC bilayers), is
that all sterols in the concentration range from 0 to 30 mol%
lead to an increase in the modules, i.e., the sterols lead to a me-
chanical stiffening of the bilayer in terms of both bending and
area compression. In addition, it was found [39; Henriksen,
J.R., Rowat, A.C., Thewalt, J., Brief, E., Zuckermann, M.J.,
and Ipsen, J.H., (unpublished data)] that the ability to stiffen
the membranes decreased in the order cholesterol > lanosterol

> ergosterol. So far, no explanation of this sequence has been
found. In the same work, a universal relationship was found
between, respectively, K and κ on the one side and the lipid-
chain order (i.e., membrane thickness) on the other side.

Lateral diffusion. Cholesterol’s unique ability on the one
hand to increase lipid-chain order, and hence optimize mechan-
ical and permeation properties of the membrane, and on the
other hand to maintain the liquid character, and hence provide
for lateral diffusion (40), is most clearly demonstrated by the
variation of the lateral diffusion coefficient across the lipid-
cholesterol phase diagram as shown in Figure 16 (41). This fig-
ure shows data obtained from a computer-simulation study of a
simple model of lipid–cholesterol interactions in bilayers. The
figure demonstrates that the tracer diffusion coefficient D in-
creases monotonically with increasing temperature and this
qualitative trend is independent of cholesterol concentration.
The cholesterol concentration dependence of D, however,
shows more interesting behavior. At higher temperatures, D de-
creases with increasing xchol, whereas at temperatures below
Tm, D increases monotonically with xchol. At temperatures
slightly greater than Tm, D first decreases, then increases
slightly with increasing xchol, as can be seen more clearly in the
inset to Figure 16. A qualitative interpretation of the physical
origin of this behavior is provided by the free volume theory of
diffusion.  An increase in D with xchol is due to an increase in
the free area per molecule with increasing xchol. Decreases in D
arise from the fact that cholesterol also promotes conforma-
tional ordering of the lipid chains, which in turn causes the
chains to interact more effectively and thus increases the effec-
tive activation energy for particle movement. These two effects
compete with one another and give rise to the nonmonotonic
variation of D with xchol at intermediate temperatures. The dif-
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FIG. 15. Repeat distance, d, between perdeuterated DMPC lipid bilay-
ers in a multi-lamellar stack shown as a function of cholesterol concen-
tration. Adapted from Reference 38. For abbreviation see Figure 14. FIG. 16. Diffusion coefficient D (in arbitrary units) vs. cholesterol mole

fraction xchol. The inset shows the data for T = 0.99Tm and 1.0Tm in an
expanded scale in order to illustrate the increase in D with xchol in the
liquid-ordered phase. Adapted from Reference 41. For abbreviations
see Figure 7.



fusion results of Figure 16 are qualitatively consistent with those
of fluorescence recovery after photo-bleaching studies of lateral
DMPC–cholesterol binary mixture model membranes (42).

Protein function. Many examples exist that document the
influence of cholesterol on the biochemical functioning of var-
ious cellular functions. We shall here focus attention on cases
where cholesterol exerts an effect on protein function via mod-
ulation of certain physical properties of lipid bilayers. Possible
candidates for such physical properties include hydrophobic
bilayer thickness (4) and the lateral pressure profile of bilayers
(43). Both of these properties are strongly influenced by the
presence of cholesterol. Specifically, cholesterol tends to in-
crease the thickness of lipid bilayers in the fluid phase and to
shift the balance of the lateral pressures toward the interior of
the bilayer. 

A vast amount of experimental evidence strongly suggests
that the hydrophobic matching principle, or some other physi-
cal principle related to it, is relevant for membrane organiza-
tion as well as for membrane function (44,45). For example, a
number of membrane channels, ion pumps, and sugar trans-
porters, when incorporated into lipid bilayers of different thick-
nesses, function optimally for a certain narrow range of thick-
nesses, where they presumably are hydrophobically well
matched. Thickness alterations induced internally or by exter-
nal stimuli may therefore be seen as a way of triggering these
proteins to enhance or suppress their function. To illustrate this
principle, we shall describe the example of the transmembrane
pump Na+,K+-ATPase that takes care of the delicate balance of
sodium and potassium ions across biological membranes (46).
Figure 17 shows that the activity of the pump is maximal for a
certain lipid type and hence for a specific membrane thickness.
If cholesterol is added to the membrane, the data demonstrate

that the maximum moves toward lipid membranes composed
of shorter lipids. This can be rationalized via the hydrophobic
matching principle, recalling that cholesterol tends to thicken
fluid membranes, which in turn will compensate for the shorter
lipids.

The latter observation suggests a more general principle to
be operative by which cholesterol may be used as a regulator
of membrane function and the sorting and targeting of proteins,
possibly via hydrophobic matching. The following serves as an
illustration. Proteins are synthesized at the ribosomes placed in
the endoplasmatic reticulum. From there they are transported
via the Golgi to the various parts of the cell where they belong,
e.g., in the plasma membrane. This transport, which is referred
to as the secretory pathway, requires a sorting of the proteins,
which is performed in the Golgi. Some proteins carry specific
tags that will actively target them to their destination; others
will flow passively through the cell. The question arises as to
how these flowing proteins end up in the right membranes. It
has been proposed (47) that the sorting along the secretory
pathway may be performed by means of a gradient in the hy-
drophobic thickness of the membrane systems that the proteins
have to pass on their way to their target. Indeed, the membrane
contents of cholesterol and sphingomyelin, which both tend to
enlarge membrane thickness, are found to increase going from
the endoplasmatic reticulum, via the Golgi, to the plasma mem-
brane. Furthermore, there is evidence that the proteins that are
supposed to stay in the Golgi have hydrophobic domains that
are shorter by about five amino acids compared with those of
the plasma membrane. The set of different membranes along
the secretory pathway may hence act as a molecular sieve, ex-
ploiting the hydrophobic matching condition. It is possible that
this sieving mechanism is controlled by membrane rafts. Since
cholesterol has a significant effect on membrane thickness and
since integral membrane proteins are hydrophobically matched
to their membranes, it is likely that the transmembrane proteins
have closely co-evolved along with the sterols. The proposed
sorting mechanism has recently been challenged by data that
show that the bilayer thickness of exocytic pathway mem-
branes is modulated by membrane proteins rather that choles-
terol (48).

Certain proteins seem to prefer association with rafts and
hence with cholesterol-rich membrane domains. An illustra-
tion of such a putative raft is provided in Figure 18. Many of
these proteins carry a hydrocarbon chain anchor that fits snugly
into the tight packing of the raft. Recruitment of proteins to the
rafts or detachment of proteins from the rafts can conveniently
be facilitated by enzymatic cleavage or attachment of appropri-
ate hydrocarbon chains. For example, long saturated acyl chain
anchors have affinity for the ordered raft structure, whereas the
more bulky isoprenyl chain anchors prefer to be in the liquid-
disordered phase outside the rafts.

Rafts have been shown to facilitate the communication be-
tween the two monolayer leaflets of the bilayer and to be in-
volved in cell surface adhesion and motility. Furthermore, there
are indications that rafts are involved in cell surface signaling
and the intracellular trafficking and sorting of lipids and pro-
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FIG. 17. Activity of the membrane-bound enzyme Na+,K+-ATPase as a
function of the hydrophobic thickness of the lipid bilayers into which it
is incorporated. The hydrophobic thickness is given by the number of
carbon atoms of monounsaturated phosphocholine lipids. The activity
exhibits a clear maximum. When cholesterol is incorporated in the
amount of 40%, the maximum is moved toward membranes made of
shorter lipids. Adapted from Reference 46.



teins (21). It is interesting to note that some of these functions
become impaired when cholesterol, which appears to be a nec-
essary molecular requirement for raft formation, is extracted
from the membranes. 

A particularly important type of membrane domain is the
so-called caveolae that appear as invaginations of the mem-
brane (49). Caveolae are specialized lipid domains enriched in
cholesterol and glycosphingolipids that are formed by the small
transmembrane protein caveolin. Caveolae are found in a num-
ber of cell types, e.g., endothelial cells, and are involved in cho-
lesterol transport, cytosis, and signal transduction.

CHOLESTEROL—EFFECTS OF ITS ABSENCE:
COMPARISON WITH OTHER STEROLS.

So far, we have described the effects of cholesterol and lanos-
terol on the physical properties of lipid bilayer membranes with
a view to understanding the related physical and biological im-
plications. In this context, it must be noted that any significant
decrease in the concentration of cholesterol in the body can re-
sult in severe health problems. A case in point is the autonomal
recessive syndrome, known as the Smith-Lemli-Opitz syn-
drome (SLOS), which is found when infants are born with a
decreased body concentration of the enzyme 7-dihydrocholes-
terol (7DHC) reductase. This enzyme converts 7DHC to cho-
lesterol at the final stage of cholesterol synthesis by the removal
of one double bond. SLOS is manifested by a variety of condi-
tions including microcephalus, mental retardation, and second
and third toe syndactaly; the severity of these depends on the
magnitude of the decrease in cholesterol concentration (50).

As pointed out above, cholesterol is predicted to be impor-
tant for several plasma membrane-based properties, which in-
clude raft formation, protein sorting, and cell signaling; e.g.,
cholesterol acts as precursor to mammalian steroid hormones
and insect ecdysones. There must, therefore, be important
changes in plasma membrane properties resulting from the de-
ficiency in cholesterol. These are as yet unknown and should
be investigated. The greater abundance of 7DHC does not ap-
pear to compensate for the concomitant absence of cholesterol.

The presence of sterols is ubiquitous in the plasma mem-
branes of eukaryotic cells. For example, ergosterol is the domi-

nant sterol in the plasma membranes of fungal cells, whereas
phytosterols (such as campesterol, sitosterol, and stigmasterol)
are found in plant plasma membranes. It has been shown that
these sterols, when ingested, are recognized by the body and
decomposed in the liver. There is a disease, however, known as
sitosterolemia (51) for which these three phytosterols are not
decomposed. Under these circumstances they remain in the
body and are shown to be detrimental to human health. If not
treated, sitosterolemia can lead to severe coronary problems
leading to premature death. Furthermore, mammalian cells can-
not use phytosterols and their presence may lead to a reduction
in cholesterol concentration (51).

These considerations show that cholesterol is vital for
human and, by extension, vertebrate health and that other
sterols would not be able to substitute fully for it in the body.
But this alone does not totally address the unique properties of
cholesterol. Since relatively little is known about the detailed
interaction of phytosterols with lipids, we begin by examining
the plasma membrane environment of ergosterol in baker’s
yeast (Saccharomyces cerevisiae, or SC). In this context, Low
et al. (52) prepared sterol auxotrophs of SC (from which the
sterols had been removed) and then grew them in a medium
containing exogenous sterols (cholesterol, ergosterol, sitos-
terol, or stigmasterol). Analysis of the resultant growth prod-
ucts revealed that the exogenous sterols regulated the phospho-
lipid content and sterol concentration in the yeast auxotrophs,
thus creating their optimal membrane environment.

As to the specific lipid content of SC, Schneiter et al. (53)
identified specific lipid molecules of both the plasma mem-
brane and the membranes of organelles of the X2180-IF wild-
type strain of SC by using ionization tandem MS, which re-
quires only small samples. The results for the plasma mem-
brane are as follows. The phosphoinositol (PI)-based sphin-
golipids form 30% of the total phospholipid content of the
plasma membrane, the other 70% being composed of glyc-
erophospholipids (GPL); this observation is in agreement with
the results of Patton and Lester (54). Interestingly, the acyl
chain of the sphingolipids was highly saturated (26:0), and free
ceramide with the same chain length was also present in abun-
dance. It is not known, however, whether the ceramide is pre-
sent as a precursor of the sphingolipids or whether it has a spe-
cific function in the plasma membrane. The GPL were mostly
composed of a saturated acyl chain (e.g., 14:0 and 16:0) and a
monounsaturated acyl chain (e.g., 16:1). In contrast to the case
of higher eukaryotic cells, however, neither glycolipids nor
lipids with polyunsaturated acyl chains were found. Schneiter
et al. (53) also found that the concentration of disaturated lipids
in all SC membranes was very small. 

The range of polar heads of the GPL had already been found
by Zinser et al. (55,56) for the same strain of SC in the same
growth medium (YPD). The major GPL polar heads were
found to be phosphatidylcholine at 16.8%, PI at 17.1%, phos-
phatidylserine at 33.6%, and phosphatidylethanolamine at
20.3%. 

The specific lipid content of plant plasma membranes (57)
is again different in that the lipid acyl chain content includes a
high concentration of doubly and triply unsaturated acyl chains
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FIG. 18. Schematic illustration of a membrane raft, consisting of a lipid
patch enriched in sphingolipids, glycolipids, and cholesterol (high-
lighted in black) to which certain proteins are attached. The raft is pic-
tured thicker than the bilayer in which it is embedded. Adapted from
www.glycoforum.gr.jp/science/word/glycolipid/GLD01E.html.



(18:2) and (18:3) in, for example, barley roots and cauliflower.
Also, unlike the case of both vertebrate and fungal plasma
membranes, there appears to be no unique sterol species in
plant plasma membranes. For example, barley root plasma
membrane contains 16% campesterol, 24% stigmasterol, and
60% sitosterol, again indicating that plasma membrane stabil-
ity requires specific lipid and sterol content depending on the
species.

With respect to lipid-sterol interactions (excepting choles-
terol) the only related phase diagram investigated in detail is
that of DPPC-ergosterol using deuterium-NMR (16). This
phase diagram is qualitatively identical to that of DPPC-cho-
lesterol. This shows that ergosterol stabilizes the liquid-ordered
phase in the same manner as cholesterol, whereas lanosterol
does not. This correlates well with the result that raftlike be-
havior has been observed in SC (58) since DPPC is a reason-
able model for saturated sphingolipids. The case of POPC-
ergosterol bilayers is completely different from the case of
POPC-cholesterol. POPC has one monounsaturated oleoyl
chain and one saturated palmitoyl chain and is therefore a good
model for fungal plasma membrane lipids. Urbina et al. (59)
observed that POPC-cholesterol bilayers have properties simi-
lar to DPPC-cholesterol bilayers, but at lower temperatures,
whereas POPC-ergosterol bilayers behave in a strange manner.
Recent work by Hsueh et al. (16) shows that the concentration
maximum of ergosterol in POPC bilayers at room temperature
is 20 mol%, above which excess ergosterol probably forms a
monohydride with water. The biological significance of this re-
sult is as yet unknown, but we are investigating the phase be-
havior of other fungal-lipid bilayer systems containing ergos-
terol to determine whether this effect is ubiquitous. 

In the context of raft formation, Xu et al. (60) used ternary
mixtures containing a high-Tm lipid, a low-Tm lipid, and vari-
ous sterols together with fluorescence spectroscopy to find the
effect of natural sterols and sphingolipids on the formation of
ordered raft domains. They showed that the extent of domain
(raft) formation is greatest for ergosterol followed by stigmas-
terol, sitosterol, and cholesterol. Clearly, further work is re-
quired to study the phase diagrams of other lipid-sterol bilayers
systems, particularly those related to plant plasma membranes.
Finally, a precise understanding of the nature of rafts in eukary-
otic plasma membranes is still unavailable. 
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ABSTRACT: Many important signaling events are initiated at
the cell membrane. To facilitate efficient signal transduction upon
stimulation, membrane microdomains, also known as lipid rafts,
are postulated to serve as platforms to recruit components in-
volved in the signaling complex, but few methods exist to study
rafts in vivo. Single particle tracking provides an approach to
study the plasma membrane of living cells on the nano-scale. The
trajectories of single gold particles bound to membrane proteins
and lipids are characterized in terms of both random and con-
fined diffusion; the latter occurs in “transient confinement zones”.
Here we review transient confinement zones and some of their
implications for membrane structure and function. 

Paper no. L9571 in Lipids 39, 1115–1119 (November 2004).

In the Singer-Nicolson fluid mosaic model, the cell membrane
is considered as a 2-D oriented solution of  integral proteins in
a viscous phospholipid bilayer (1). However, more recent sin-
gle particle tracking (SPT) experiments suggest the need to
modify the original model (2). In addition, over the past
decade, numerous biochemical studies have demonstrated that
a significant fraction of plasma membrane lipids including cho-
lesterol, saturated phospholipids, and sphingolipids exhibit
some degree of detergent resistance. This fraction also includes
glycosylphosphatidylinositol (GPI)-anchored proteins and cer-
tain transmembrane proteins (3–5). Although detergent-resis-
tant membranes (DRM) are postulated to represent putative
submicron-sized lipid rafts  on the cell surface (for reviews, see
Refs. 6–10), the in vivo correlate of DRM has not been estab-
lished.  In detergent extraction experiments, the lipid and pro-
tein compositions of DRM depend strongly on the nature and
concentration of the nonionic detergent used, as well as the
time and the temperature of the extraction (11,12). Moreover,
it has been observed that the nonionic detergent Triton-X can
promote formation of microdomains in model membranes (13).
Therefore, assuming DRM are lipid rafts could provide a
grossly misleading view of membrane microstructure. Differ-
ent approaches other than detergent extraction are required to
test the lipid raft hypothesis. 

Usually, light microscopy resolution is limited to ~250 nm,
meaning that microdomains smaller than this cannot be mea-
sured, although they can be detected if they are bright enough.
By fluorescence microscopy, many raft components, as defined
by detergent extraction, appear uniformly distributed although
there are notable exceptions (14); but clustering can be seen by
fluorescence resonance energy transfer in some cases (15,16).

SPT provides an alternative way to investigate the hetero-
geneity of cell membranes. By attaching antibody-coated sub-
micron-sized colloidal gold particles to molecules on the cell
membrane, the dynamics of a small number of molecules or
even a single molecule can be recorded and studied by tracing
trajectories of the particles. SPT has two advantages: (i) The
particles used give a signal that does not photobleach, thereby
extending the observation time; and (ii), 40-nm gold particles
are small enough to reduce the chance for perturbation. Avail-
able detection methods are based on the intense Rayleigh scat-
tering, which can be applied to submicron particles down to 30
nm in diameter. Although SPT presents insights about mem-
brane structures, it does have limitations. The path of single
particles is not controllable, and SPT only covers a small area
of the cell membrane. Also, when coating specific antibodies
on the gold particles, it is very difficult to achieve precise va-
lence control, meaning that more than one surface molecule
may anchor the particle to the cell membrane.

Rather than being exclusively 2-D random walks, the tra-
jectories of single particles that are attached to surface mole-
cules on the cell membrane often exhibit a variety of trajecto-
ries in addition to random walks. These include directed move-
ment, confined movement, and anchored behavior (Fig. 1)
(17,18), a result not explicitly anticipated by the Singer-Nicol-
son fluid mosaic model. Temporary confinements (Fig. 1B) are
detected in the trajectories of membrane proteins that cannot
be accounted for by the large family of random walks (17).
These temporary confinements are termed transient confine-
ment zones (TCZ). The existence of TCZ supplies another
piece of evidence supporting membrane lateral heterogeneity,
although the mechanism of transient confinement remains to
be elucidated.

DETECTION OF TCZ AND THEIR SIGNIFICANCE

When the lateral mobility of surface molecules on the cell
membrane is examined by SPT, careful analysis is required to
characterize the molecular trajectories. To be able to distin-
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guish confined diffusion or directed transport, both of which
reveal interesting biological features, from simple Brownian
motion, it is necessary to establish algorithms that can justifi-
ably reject those random walks that might look confined or di-
rected. Saxton (19) has studied the 2-D diffusion in a series of
Monte Carlo simulations. For 2-D random walkers, the proba-
bility ϕ that a molecule, having diffusion coefficient D, will
stay in a region of radius R, for a period of time t is given as: 

[1]

This allowed Simson et al. (17) to develop an algorithm that
detects confinements due to nonrandom means. Simson et al.
introduced the probability level index L to characterize the
probabilities of nonrandom confinements. The relationship be-
tween L and φ is:

L = {-log (ϕ) − 1     ϕ ≤ 0.1
0                 ϕ > 0.1 [2]

The higher the value of L is, the more likely a particle is confined
due to a nonrandom mechanism. Because a random walk can
temporarily mimic confinement, the goal of this algorithm is to
reject those random walks that look like transient confinement.
To achieve this goal, the algorithm takes advantage of the fact
that the peaks of probability profiles arising from mimicked con-
finement in random walks are usually lower and narrower than
genuine ones. By experimenting with both actual and simulated
data, an optimized threshold (Lc) value is obtained so that the al-
gorithm is able to detect real confinement with a minimal error
rate less than 0.07% and to reject mimicked ones with an accu-
racy of about 98.5%. Simson’s algorithm also implements a low

pass filter to smooth the probability profile (17), thereby sup-
pressing short-lived mimicked confinement from Brownian mo-
tion. After applying the algorithm to SPT trajectories, TCZ are
detected, and the sizes and dwell time of particles in the TCZ are
computed. The computed sizes of confinements and dwell time
of particles in TCZ are dependent on the time resolution of SPT.
That is because with greater time resolution, two different con-
finements that are very close are more likely to be distinguished.
At lower time resolution, such a structure will appear as a single
bigger confinement with a longer dwell time. For this reason, be-
fore comparing transient confinement analysis results in terms of
size and dwell time, it is important ensure the data were acquired
at similar time resolution. 

EXAMPLES OF TCZ

Previous papers from our group have reported TCZ being de-
tected by SPT for  GPI-anchored proteins, glycosphingolipids
(GSL), and phospholipids (17,18,20,21). These TCZ are of a
size ranging from 100 to 300 nm in diameter, and the diffusing
particles are trapped for several seconds. Moreover, upon the
suppression of GSL synthesis (20) or depletion of cholesterol
(21), the abundance and the size of the zones were markedly
diminished. Dietrich et al. (21) also found that TCZ could be
revisited after particles escaped, suggesting that zones could be
stable for tens of seconds and that diffusion within the zones
was reduced by a factor of ~2, which was consistent with the
particle diffusing within in a cholesterol-rich, liquid-ordered
state. These experiments indicate that TCZ exhibit some of the
physical and chemical characteristics postulated for hypotheti-
cal lipid rafts.

A few other examples of confinement have appeared in the
literature. Daumas et al. (22,23) have studied the diffusion of a
G-protein-coupled receptor, the µ-opioid receptor, by gold par-
ticle SPT. In their experiments, they observed transient con-
finement as well. However, they fitted the data to a different
mathematical model, in which the diffusing surface proteins
are confined to a domain which itself diffuses, the confinement
being due to “long-range attraction between membrane pro-
teins.” In other words, the surface proteins belong to a “walk-
ing confined diffusion mode” composed of long-term random
diffusion of a domain characterized by D = 1.3 × 10−3 µm2/s
and short-term confined diffusion within the domain character-
ized by D ~ 10−1 µm2/s.

SPT has been applied to the study of the kinetics of mem-
brane-bound receptors as well. Instead of gold particles, Meier
and colleagues (24) used 0.5 µm latex beads to track the move-
ment of gephyrin, a ligand for glycine receptor, by SPT. They
observed that particles attached to glycine receptor subunits ex-
pressed without gephyrin moved rapidly in the plane of the
membrane for most of the time, with an estimated diffusion co-
efficient of ~2.7 × 10−2 µm2/s, whereas co-expression of
glycine receptors that contain the gephyrin binding domain and
gephyrin-green fluorescent protein (GFP) resulted in long peri-
ods of confinement characterized by very limited slow move-
ment interspersed with periods of rapid particle movement. The
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FIG. 1. Various trajectories from single-particle tracking (SPT) experi-
ment on murine fibroblasts or simulation: (A) a typical 2-D random walk
by computer simulation; (B) a transient confinement zone (TCZ) is en-
countered when the particle diffuses on the cell membrane; (C) directed
movement; (D) an anchored particle.



transient confinements were spatially associated with gephyrin-
GFP clusters visualized by fluorescence microscopy. And dif-
fusion coefficients of particles during confined periods were
1–1.5 orders of magnitude lower than those measured during
rapidly moving periods. Based on these observations, Meier
and colleagues (24) speculated that limited diffusion of recep-
tors during the confined state may be due to slow diffusion of
the entire gephyrin cluster with bound receptors.

TRANSIENT CONFINEMENT IS INDUCED
BY CROSS-LINKING

Fine details of membrane lateral diffusion. A continuing puz-
zle is why diffusion coefficients of membrane lipids are re-
duced by a factor of 5–20 from those on artificial bilayers
(25–29). To address the problem, Fujiwara et al. (30,31) mea-
sured the movement of 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine (DOPE), which by virtue of its two unsaturated
acyl chains, is considered to be a typical nonraft lipid. By using
SPT with an ultra-high temporal resolution of 25 µs per frame,
as opposed to the conventional video sampling rate of 33 ms
per frame, they found that the cell membrane is compartmen-
talized with regard to translational diffusion of DOPE. That is,
a single DOPE molecule is temporarily confined within a 30 to
230-nm compartment, the size depending on cell type (31), for
several milliseconds on average before it hops to a neighboring
compartment. This compartmentalization is dependent on the
actin-based cytoskeleton underneath the cell membrane but is
not sensitive to the removal of extracellular matrix or choles-
terol. To explain their results, they proposed a membrane picket
fence model (Fig. 2) (28,30). In the model, both lipids and pro-
teins, regardless of their raft association, exhibit free diffu-

sion—at rates comparable to those on artificial membranes—
within plasma membrane compartments that are delimited by
immobilized transmembrane proteins as anchored-pickets
linked to the subjacent membrane cytoskeleton. The occasional
hop to an adjacent compartment, which occurs roughly once
every 11 ms, rate-limits the long-range diffusion. However,
even if the effect from hop diffusion is taken into account, it
does not completely explain the smaller long-range diffusion
coefficients of GPI-anchored proteins such as Thy1 measured
by SPT at 33 ms time resolution (21). The implication is that
aggregation of proteins and/or lipids is the major reason for the
reduced motion of surface molecules, primarily because the
gold particles are pauci-valent. Indeed, it is plausible to regard
the TCZ as a membrane domain that attracts certain cross-
linked entities and thereby transiently confines these surface
complexes.

Cleavage of antibodies that recognize the specific surface
proteins into single-valence fragments (Fabs), followed by
careful titration, permits coating gold particles in an apparent
one-to-one ratio with these Fabs or ligands to surface proteins,
making the particle effectively monovalent. Gold particles that
recognize CD59, another GPI-anchored protein, exhibit similar
diffusion rates and hop intervals when compared to DOPE at
25-µs resolution. Moreover, under these apparently monova-
lent conditions, no TCZ were observed at 33-ms resolution
(7,29). By contrast, when the gold particles were deliberately
made multivalent by coating the particles with intact antibod-
ies at high concentration, short-range CD59 diffusion was con-
siderably slower and TCZ were detected at 33-ms time resolu-
tion (7,29). This suggests that some form of cross-linking is re-
quired to observe TCZ. Interestingly, cross-linking-induced
TCZ required cholesterol, intact actin filaments, and Src fam-
ily kinase (SFK) activity. Intracellular calcium signals were
closely associated in time with the formation of the TCZ. Tak-
ing all their data together, the Kusumi group (28) now suggests
that lipid rafts are so small and short-lived in resting cells (Fig.
2) that a non-cross-linked single raft protein has almost the
same short-range diffusion coefficient as a nonraft lipid mole-
cule. However, upon cross-linking, the molecular cluster
caused by multivalent gold particles not only diffuses more
slowly but also triggers processes that stabilize lipid rafts.
These cross-linked complexes are termed “cluster rafts.” Clus-
ter rafts are formed by various cross-linking agents including
antibodies, and they are more stable and may be bigger than
lipid rafts in resting cells. The cluster raft-stabilizing process is
speculated to be caused by transient tethering onto the actin-
based membrane skeleton. The likely involvement of signaling
molecules in stabilizing cluster rafts suggests that lipid rafts
serve as platforms that could locally initiate signal transduction
(10).

To examine and verify the model proposed by Kusumi
group (28), our laboratory now is investigating the behavior of
other GPI-anchored proteins by SPT. To achieve maximal
cross-linking, we incubated C3H fibroblast cells first with bi-
otinylated anti-Thy1 antibodies, then anti-biotin antibody-
coated colloidal gold particles, after which anti-mouse IgG an-

TRANSIENT CONFINEMENT ZONES: A TYPE OF LIPID RAFT? 1117

Lipids, Vol. 39, no. 11 (2004)

FIG. 2. Fence and picket structure of the plasma membrane model pro-
posed by Ritchie et al. (28): a schematic representation of the funda-
mental microstructure on cell membranes. The plasma membrane con-
sists of a lipid bilayer with embedded proteins. These “picket” proteins
are immobilized by being bound to the underlying actin-based cy-
toskeleton network and serve to separate the cell membrane into nu-
merous small compartments. Mobile lipids and protein tissue within
one compartment translocate to an adjacent one when fluctuations in
the separation between pickets permit “hop diffusion.” Putative elemen-
tary lipid rafts (filled circles with tails) must disassemble on a time scale
of milliseconds in order to allow raft proteins to “hop” to the adjacent
compartment.
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tibodies were added (Fig. 3). We observed that maximal
cross-linking increased the percentage of time (the relative
confinement time, RCT) that a single particle spends in TCZ
by more than twofold compared with control treatments with-
out anti-mouse IgG applied. Under these conditions, we ob-
served repeated transient anchorage, which means, in our ex-
periments, that the displacement range of the particles is
within ~20 nm for several seconds before the gold particles
resume their trajectories on the cell membrane. The transient
anchorage observed in maximal cross-linking experiments is
distinct from conventional transient confinement. Whereas in
normal transient confinement gold particles are localized in
an area ranging from 100 to 300 nm in diameter, in which the
particles move with a reduced diffusion coefficient, transient
anchorage apparently stops the gold particles (to <20 nm).
Addition of SFK inhibitor 4-amino-5-(4-chlorophenyl)-7-(t-
butyl) pyrazolo(3,4-d) pyrimidine (PP2) reversed the RCT in-
crease owing to transient anchorage, indicating SFK play a
role in cross-linking-dependent TCZ formation/stabilization.
Cholesterol depletion further reduced the RCT to 2%, indi-
cating that cholesterol is essential for both TCZ existence and
transient anchorage. Another GPI-anchored protein, CD73, a
5′-ectonucleotidase, exhibited qualitatively similar behavior
in IMR-90 human fibroblasts, suggesting that these cross-
linking-induced effects are quite general. In summary, con-
fined behavior can be broken into two classes: true in-plane
transient confinement and transient anchorage (SFK-medi-
ated) of cluster rafts, as depicted in Figure 4. It appears that
SPT can be used to reveal details of the early steps in cross-
linking-induced signal transduction.
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ABSTRACT: Retinas of rats and mice react to environmental
and genetic stimuli by altering the level of DHA in their rod
outer segment membranes.  We propose that this adaptation is
a neuroprotective response to control the number of photons
captured by rhodopsin and the efficiency of visual transduction,
under conditions where excessive activation of the transduction
cascade could lead to cell death. 
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DHA (22:6n-3) is the most abundant FA in the retina, reach-
ing levels of 50% in the rod outer segment (ROS) membranes
(1), which also contain the photopigment rhodopsin.  The
largest amounts are found in the serine and ethanolamine
phospholipids (PS and PE, respectively), but significant lev-
els are found also in PC. DHA is esterified primarily in the 2-
position of these phospholipids (2), although di-DHA molec-
ular species occur in all three (3,4). 

The retina tenaciously retains DHA and other n-3 PUFA
during n-3 deprivation. Attempts to reduce the n-3 PUFA
level by feeding weanling rats n-3-deficient diets produced
only modest changes in retinal DHA levels (5). More signifi-
cant changes could be produced by feeding pregnant rats an
n-3-deficient diet in the last trimester of pregnancy and
throughout the nursing period and by continuing to feed the
weaning rats the same diet for 10–12 wk (6,7). Under these
conditions, the levels of DHA in the ROS were reduced by
half and were replaced by nearly equal amounts of 22:5n-6.
Even further reductions could be achieved by raising several
generations on an n-3-deficient diet (8,9). Moriguchi et al.
(10) developed an artificial rearing system and recently re-
ported rapid, profound changes in retinal and brain DHA in
rats fed an n-3-deficient diet from birth.

DIET-INDUCED CHANGES IN DHA
AFFECT RETINAL FUNCTION

Reduction in DHA in ROS membranes leads to significant
changes in the electroretinographic (ERG) response of the

retina. The ERG is a noninvasive measure of retinal function
and is accomplished by placing electrodes on the cornea and
tongue and then providing millisecond (MS) flashes of light
starting at subthreshold levels and increasing in intensity until
a saturating response is obtained. Two waveforms are gener-
ated: The cornea negative a-wave arises in photoreceptor cells
and the cornea positive b-wave is generated at more proximal
locations within the neural retina. Benolken et al. (8) raised
two generations of rats on fat-free diets and found significant
reductions in the a- and b-waves of the ERG, the a-wave
being affected more than the b-wave. In a subsequent experi-
ment (11), 14 wk-old female albino rats were fed diets con-
taining no fat, 2% 18:1n-9, 2% 18:2n-6, 1% 18:2n-6 plus 1%
18:3n-3, or 2% 18:3n-3 for 40 d. Comparison of the relative
ERG responses showed that the greatest amplitudes were pre-
sent in animals fed n-3 FA. These studies were the first to in-
dicate an effect of ROS n-3 FA on retinal membrane function
and were confirmed by other laboratories in rats (12,13) and
guinea pigs (14–17). Neuringer and colleagues (18–22) sub-
sequently demonstrated a functional role of n-3 FA in non-
human primates fed semipurified diets containing safflower
(trace n-3) or soybean (adequate n-3) oils as the only source
of fat. In the last decade, clinical trials in term and pre-term
human infants also revealed an essential role for n-3 FA in the
development of retinal function (23–30). Thus, it is clear from
these and a large number of other studies that optimal retinal
function depends on a lipid bilayer that contains high levels
of DHA. 

ENVIRONMENTAL LIGHT INTENSITY AFFECTS DHA
LEVELS IN ROS

Penn and Anderson (31,32) explored the lipid makeup of
ROS in rats from bright and dim environments. The authors
raised groups of albino rats in cyclic light environments that
differed in illuminance level during the light-on part of the
cycle and found dramatic differences in the FA content of
ROS membranes under the two light conditions (31). The
molar ratio of DHA to palmitic acid, for example, was 6.5 in
ROS of rats raised in the dim (<10 lux) light environment and
only 0.6 in bright (400 lux) light. Interestingly, the reduction
in DHA was not accompanied by an increase in 22:5n-6. No-

Copyright © 2004 by AOCS Press 1121 Lipids, Vol. 39, no. 11 (2004)

*To whom correspondence should be addressed at 608 S.L. Young Blvd.,
Oklahoma City, OK 73104. E-mail: robert-anderson@ouhsc.edu
Abbreviations: ERG, electroretinogram; Gt, transducin; prcd, progressive rod-
cone degeneration; PUFA, polyunsaturated fatty acid; ROS, rod outer segments.

Environmental Light and Heredity Are Associated
with Adaptive Changes in Retinal DHA Levels

that Affect Retinal Function
Robert E. Andersona,* and John S. Pennb

aDepartments of Cell Biology and Ophthalmology, University of Oklahoma Health Sciences Center,
and Dean A. McGee Eye Institute, Oklahoma City, OK; bDepartment of Ophthalmology

and Visual Sciences, Vanderbilt University School of Medicine, Nashville, TN



tably, this light environment-induced effect on ROS FA com-
position was reversible (32). Three weeks after rats were
moved from high illuminance to low, the ratio changed to 4.7.
The turnover rates of phospholipid molecular species contain-
ing two DHA molecules was similar in the two light groups
for PC and PS, but di-22:6-PE turned over faster in ROS from
bright light-raised rats (Penn, J.S., and Anderson, R.E., un-
published results). Finally, after injection of tracer, radio-la-
beled DHA-containing species (particularly di-22:6-PE, PS
and PC) were significantly lower in ROS of rats from the
bright environment (Penn, J.S., and Anderson, R.E., unpub-
lished results). Thus, decreased synthesis of DHA-containing
ROS phospholipid species was a clear component of the
membrane modifications dictated by light environment. This
could result from a lower level of DHA in the acyl CoA pool
or a selective reduction in incorporation of DHA into newly
synthesized glycerolipids.

HEREDITY AFFECTS DHA LEVELS IN ROS

Animals with inherited retinal degeneration have reduced
DHA in ROS membranes. The FA composition of these ani-
mal models of human degeneration resemble chemically the
membranes from the animals raised in bright cyclic light. To
date, dogs with progressive rod-cone degeneration (prcd)
(33); mice containing mutations in rds/peripherin (34), Rom1
(Anderson, R.E., and McInnis, R., unpublished results), and
rhodopsin (35); rats with two different mutations in rhodopsin
(36); and transgenic pigs expressing mutant rhodopsin (An-
derson, R.E., and Wong, F., unpublished results) all have re-
duced DHA compared with controls. In each of these studies,
there was no accumulation of 22:5n-6, which occurs during
diet-induced reduction of DHA (37,38). Also, in each of the
transgenic rat lines expressing mutant opsins, the animals
with the highest levels of transgene expression had the fastest
rate of retinal degeneration and lowest levels of DHA (36).
The reason for the low levels of DHA in these animal models
of human retinitis pigmentosa is not known. They clearly are
not a result of n-3 deficiency, since there was no increase in
22:5n-6. Trials in animals testing the efficacy of fish oil or
flaxseed oil on the rate of retinal degeneration showed no pro-
tection or rescue of photoreceptor cells in prcd-affected dogs
(33) or in rats expressing P23H or S334ter mutant opsins (39),
respectively. Interestingly, in both studies, supplementation
with n-3 FA did not bring the DHA level in the ROS mem-
branes of the mutant animals to that in the wild-type animals.
Since wild-type n-3-deficient animals had less DHA in their
ROS membranes than affected supplemented animals, yet
showed no evidence of retinal degeneration, the degeneration
observed in the mutant animals is not caused by the low lev-
els of DHA in these membranes. 

MECHANISM OF DHA EFFECTS IN ROS MEMBRANES

The mechanism by which DHA participates in maintenance
of retinal function has remained elusive. Recent work by Lit-

man and coworkers has shed enormous light in this area. Niu
et al. (9) raised several generations of rats on diets that were
deficient or adequate in n-3 FA and produced substantial
changes in the ROS FA composition and in the distribution of
DHA in molecular species of PE, PC, and PS. For example,
the levels of DHA in PC, PS, and PE were changed from 29,
45, and 50 mole percentage, respectively, to 6, 9, and 14 in n-
3-deficient animals. As a consequence and in contrast to the
studies outlined above, the levels of 22:5n-6 were increased
substantially in the deficient group to compensate for the re-
duction in DHA (37,38). ROS membranes from these two
groups of animals were prepared from dark-adapted retinas
and used in a series of experiments. In the n-3-deficient ROS,
there was reduced rhodopsin activation, reduced rhodopsin-
transducin (Gt) coupling, reduced cGMP phosphodiesterase
activity, and slower formation of metarhodopsin II-Gt com-
plex, relative to the animals fed the n-3-adequate diet. Thus,
the reduction in DHA provoked dramatic changes in the effi-
ciency of visual transduction, which should lead to a reduced
visual response to a known quantity of photons. 

IS THERE A PHYSIOLOGICAL BASIS FOR REDUCING
DHA LEVELS IN ROS MEMBRANES?

Almost two decades ago, Penn and Williams (40) discovered
that albino rats have the remarkable ability to adapt to ambi-
ent light in order to catch a constant number of photons per
day. They named this phenomenon “photostasis.” Their stud-
ies were the first to compare rats raised in light environments
of varying illuminance. After 15 wk in dim or bright light,
rats were subjected to measurements of several retinal param-
eters, including: (i) dark-adapted and steady-state (daytime)
retinal rhodopsin levels, (ii) ROS length and photoreceptor
cell density, and (iii) rhodopsin regeneration rate in vivo. Pho-
ton catch was calculated using these parameters and the fol-
lowing equation: (kf · I) · Rss = kr · Bss, where Rss equals un-
bleached rhodopsin at steady state and Bss equals rhodopsin
bleached at steady state. kf and kr are the rate constants for
bleaching and regeneration, respectively, and I is the illumi-
nance or light level. The number of photons absorbed during
a light cycle is the product of kr (the rhodopsin regeneration
rate) and Bss, converted to appropriate time units.

When this equation was applied to albino rats exposed to
cyclic light environments with daytime light levels varying
from 3 to 400 lux, the result was an equal photon catch per
day in all groups. The rats raised in bright light environments
had fewer photoreceptors, shorter ROS with poorly organized
disc membranes, lower ROS rhodopsin concentration, and al-
tered rhodopsin regeneration rates. Photons were plentiful in
the bright environment, but the capacity of photoreceptors to
absorb them was limited by these features. Notably, as was
the case for ROS FA composition, all parameters were re-
versible when rats were removed from bright to dim light en-
vironments except photoreceptor number. However, even this
parameter was compensated in these “transferred” rats by ex-
tremely high rhodopsin concentrations and abnormally long
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photoreceptors with tightly stacked and well-organized disc
membranes.

PHYSIOLOGICAL CONSEQUENCES OF PHOTOSTASIS

The concept of photostasis implies that the retina can adapt
both morphologically and biochemically to capture a constant
number of photons in a normal daily light cycle. The reason
this may be desirable, especially in a rod-dominant animal, is
that bright light can readily damage photoreceptor cells (41).
In fact, albino rats born and raised in dim cyclic light (5 lux)
can lose most of their rod photoreceptor cells after a 24-h ex-
posure to light of 2,700 lux intensity (about the intensity of a
bright, sunny day). In several animal models of inherited reti-
nal degeneration, light has been shown to exacerbate the loss
of photoreceptor cells (42,43). Thus, control of photon cap-
ture and the efficiency of visual transduction may be survival
mechanisms that have been evolutionarily derived. The for-
mer is accomplished by reducing the level of rhodopsin in the
ROS, shortening the length of the ROS, and disorganizing the
membranes (44,45), whereas the latter is accomplished by re-
ducing the levels of DHA in the membranes (9).

The rats raised by Penn and Anderson and those raised by
the Litman group represent experimental homologs. In the
former case, ROS FA composition was affected by environ-
mental light level; in the latter, it was affected by n-3 FA-de-
ficient diets. In the photostasis and lipid composition studies,
Penn and his colleagues focused exclusively on events up-
stream from rhodopsin activation, whereas in the diet studies,
Littman and coworkers emphasized downstream events. Both
treatments, however, resulted in decreased transduction of
photons into a neural signal. It remains to be determined
whether changes in DHA are directly responsible for modu-
lating photon catch, for example, by altering the lateral diffu-
sion or membrane dichroism of rhodopsin. Clearly, DHA is
directly responsible for the loss of efficiency of visual trans-
duction, since retinas of animals raised on n-3-deficient diets
have morphologically intact ROS (46).

CONCLUDING REMARKS

The n-3 family of essential PUFA has been found to have a
number of physiological properties that are important in both
normal and diseased tissues. Our studies have shown that the
retina has the remarkable ability to adapt to genetic and envi-
ronmental stimuli, in part by altering the levels of DHA in the
photoreceptor outer segment membranes. We propose that
one reason for this is to reduce photon capture and visual
transduction efficiency under conditions where excessive ac-
tivation of rhodopsin may exacerbate underlying pathologies
that lead to cell death. It remains to be determined whether
this phenomenon extends to other tissues.
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ABSTRACT: The molecular basis for the beneficial impact of
essential omega-3 (n-3) FA remains of interest. Recently, we iden-
tified novel mediators generated from eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) that displayed potent
bioactions identified first in resolving inflammatory exudates and
in tissues enriched with DHA. The trivial names resolvin (resolu-
tion phase interaction products) and docosatrienes were intro-
duced for the bioactive compounds from these novel series since
they possess potent anti-inflammatory and immunoregulatory ac-
tions. Compounds derived from EPA carrying potent biological
actions (i.e., 1–10 nM range) are designated E series and denoted
resolvins of the E series (resolvin E1 or RvE1), and those biosyn-
thesized from the precursor DHA are denoted resolvins of the D
series (resolvin D1 or RvD1). The number 1 designates the bioac-
tive compounds in this family (e.g., 1–4). Bioactive members from
DHA-containing conjugated triene structures or docosatrienes
(DT) that possess immunoregulatory and neuroprotective actions
were termed neuroprotectins. Aspirin treatment initiates a related
epimeric series by triggering endogenous formation of the 17R-D
series resolvins and docosatrienes. These epimers are denoted as
aspirin-triggered (AT)-RvD and DT, and possess potent anti-in-
flammatory actions in vivo essentially equivalent to their 17S se-
ries pathway products. These include five distinct series: (i) 18R
resolvins from EPA (i.e., RvE1); (ii) 17R series (AT) resolvins from
DHA (RvD1 through RvD4); (iii) 17S series resolvins from DHA
(RvD1 through RvD4), (iv) DT from DHA; and (v) their AT form
17R series DT. In this article, we provide an overview of the for-
mation and actions of these newly uncovered pathways and
products. 

Paper no. L9568 in Lipids 39, 1125–1132 (November 2004). 

The beneficial impact of essential omega-3 fatty acids was
uncovered as early as 1929 (1). These observations were con-
sistently observed for the next several decades (2–5). More
recently, inflammation has emerged as playing a central role
in many prevalent diseases not previously known to involve
inflammation including Alzheimer’s disease, cardiovascular

disease (6), and cancer (7,8), in addition to those well known
to be associated with inflammation such as arthritis and peri-
odontal disease (9,10). Recently, we identified novel oxy-
genated products generated from precursors eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) that possess po-
tent actions within resolving inflammatory exudates (11–13).
Hence, the terms resolvin (resolution phase interaction prod-
ucts) and docosatrienes (DT) were first introduced from ini-
tial studies since the new compounds displayed both potent
anti-inflammatory and immunoregulatory properties.

In this article, we give a brief overview of the novel com-
pounds and biosynthetic pathways from EPA that carry po-
tent biological actions, resolvins of the E series (resolvin E1
or RvE1) and those from DHA, resolvins of the D series (re-
solvin D1 or RvD1), as well as bioactive members from these
biosynthetic pathways carrying conjugated triene structures
denoted as DT that are both anti-inflammatory (12,13) and
neuroprotective (14,15), recently termed neuroprotectins
(NPD1) (Ref. 15). Unlike other products identified earlier
from omega-3 fatty acids that are similar in structure to eico-
sanoids but less potent or devoid of bioactions, the resolvins,
DT, and neuroprotectins evoke potent biological actions in
vitro and in vivo (11–15). 

NOVEL LIPID MEDIATORS IDENTIFIED DURING
RESOLUTION OF ACUTE INFLAMMATION:
ARACHIDONIC ACID VS. EPA AND DHA

It is often questioned whether essential fatty acids, such as
the omega-3 EPA or DHA, are converted to potent lipid me-
diators as is the case with arachidonic acid. In short, yes, both
DHA and EPA are important precursors; we now appreciate
that intimate cell–cell interactions within vessel walls, that is,
adherent platelets that are studded with polymorphonuclear
neutrophils (PMN), converge on the endothelium and can be
visualized by intravital microscopy (16,17) and promote trans-
cellular lipid mediator biosynthesis (18–20). During platelet-
leukocyte interactions, arachidonic acid is converted to lipox-
ins (LX), which are generated to act as “stop” signals on PMN
in the nanomolar range via specific receptors we identified
(21,22) and as confirmed by others (23,24), and stimulated
monocytes (25) and macrophages to promote resolution (26).

These forms of cell–cell interactions in the vasculature are
impinged upon by aspirin (ASA) (27,28). ASA inhibits throm-
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boxane production by platelets and prostacyclin biosynthesis in
vascular endothelial cells (29,30). During PMN-endothelial
and/or PMN–epithelial interactions, aspirin triggers the biosyn-
thesis of 15-epi-LX (aspirin-triggered LX, ATL) (Fig. 1) (27);
both LX and ATL and their respective stable analogs are potent
regulators of transendothelial/transepithelial migration of PMN
across these cells and endothelial cell proliferation, in vitro and
in vivo (31–33). Also, transgenic mice overexpressing the human
LXA4 receptor with myeloid-specific promoter display reduced
PMN infiltration in peritonitis and heightened sensitivity to
LXA4 and ATL (34). Transgenic rabbits overexpressing 15-
lipoxygenase (LOX) type I generate enhanced levels of LX, have
an enhanced anti-inflammatory status, and are protected from the
inflammatory bone loss of periodontal disease (35). Hence, the
results of these studies have heightened our awareness that PMN,
in addition to their host defense position and the possibility that
they can spill proinflammatory agents (36) and mediators such
as the classic eicosanoids, prostanoids, and leukotrienes (37,38),
which amplify inflammatory responses, can also produce novel
protective lipid mediators that actively counterregulate the in-
flammation (Fig. 1). 

In view of the compelling results from the GISSI study,
which showed improvements in more than 11,000 cardiovas-
cular patients (39,40), namely, reduction in sudden death by
approximately 45% by taking almost a gram of omega-3 per
day, we addressed a potential role of omega-3 PUFA recently.
Inspection of their methods indicated that all the patients also
took daily ASA that was unaccounted for in their analysis.
Despite very large doses (milligrams to grams daily), an
abundant literature with omega (n-3) PUFA suggests benefi-
cial actions in many human diseases including periodontal
(41), anti-inflammatory, and antitumor actions (2,42). The
three major mammalian LOX (5-LOX, 12-LOX, and 15-
LOX) can each convert DHA to various monohydroxy-con-
taining products; however, at the time their in vivo functions
were either not apparent or they did not display bioactivity
(43–45). Also, DHA can be nonenzymatically oxygenated to
isoprostane-like compounds termed neuroprostanes that re-
flect oxidative stress in the brain (46) or autooxidized to prod-
ucts that are monohydroxy racemates (47) of the compounds

that are now known to be enzymatically produced during
biosynthesis of the resolvins and DT (12–15). Overall, it is
noteworthy that the molecular basis and mechanisms under-
lying omega-3’s immunoprotective actions remained to be es-
tablished and appreciated, and their direct connection to
human disease and treatment are still important biomedical
challenges (48).

ASPIRIN UNVEILS NEW DIRECTIONS:
ASPIRIN-TRIGGERED LIPID MEDIATORS

ASA is an active ingredient in more than 60 over-the-counter
remedies, making it a difficult substance to control for in some
human studies. What is the molecular basis for omega-3’s pro-
tective action, and are there overlap(s) in their actions? To ad-
dress this in an experimental setting, we used murine dorsal skin
pouches (11,12). This model of inflammation is known to spon-
taneously resolve in rats (48). We adapted this for mice in order
to include both genetics and to set up lipidomics employing LC-
UV-MS-MS-based analyses geared to evaluating whether poten-
tial novel lipid mediators are indeed generated during the resolu-
tion phase of inflammation (11,12). In this pouch (experimental
contained inflammation) after 4 h, PMN numbers begin to drop
within exudates (11,12). Exudates were taken at timed intervals,
focusing on the period of “spontaneous resolution,” and lipid me-
diator profiles were determined by using tandem LC-UV-MS-
MS. We constructed lipid mediator libraries with physical prop-
erties (i.e., MS and MS/MS spectra, elution times, UV spectra,
etc.) for matching and to assess whether known and/or potential
novel lipid mediators were present within the exudates and are
presently expanding these libraries and the software for their
matching (49). If novel lipid mediators were encountered, their
structures were elucidated by carrying out retrograde analysis
for both biogenic enzymatic synthesis and total organic synthe-
sis. This approach permitted assessment of structure–activity re-
lationships as well as the scale-up required to confirm the bioac-
tions of novel compounds identified (11,12). 

18R E SERIES RESOLVINS AND
17R D SERIES RESOLVINS

Resolving exudates in mice contain 18R-hydroxy-
5Z,8Z,11Z,14Z,16E-eicosapentaenoic acid (18R-HEPE) as well
as several related bioactive compounds (11). These novel com-
pounds are produced from EPA by at least one biosynthetic
pathway operative in human cells. This pathway is shown in
Figure 2; blood vessel-derived vascular endothelial cells
treated with aspirin convert EPA to 18R-hydro(peroxy)-EPE
that is reduced to 18R-HEPE and released from endothelium
and rapidly converted by activated human PMN to a 5(6) epox-
ide-containing intermediate that is further transformed to the
bioactive 5,12,18R-trihydroxy-EPE, which we initially termed
“resolvin,” specifically resolvin E1 (RvE1), because it was
identified in the resolution phase in mice, appeared as cell-cell
interaction/transcellular biosynthetic products with isolated
human cells, and importantly, proved to be a potent regulator
of PMN and inflammation. In the absence of aspirin, 18R-
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FIG. 1. Resolution phase role for neutrophils in the formation of protec-
tive lipid mediators.



HEPE can be produced via a P450-like mechanism (50). Or-
ganic synthesis was achieved and its complete stereochemical
assignment was recently established as 5S,12R,18R-trihy-
droxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid (51). 

In resolving exudates from mice given aspirin and DHA,
we found novel 17R-hydroxy-docosahexaenoic acid (17R-
HDHA) and several related bioactive compounds (Fig. 3).
Human microvascular endothelial cells, also aspirin-treated
in hypoxia, generate 17R-HDHA. DHA is converted by
human recombinant cyclooxygenase (COX)-2, which was
surprising, since earlier literature indicated that DHA is not a
substrate of COX (52,53). However, these investigations were
before knowledge of the COX-2 isoform and used organs rich
in COX-1. Human recombinant COX-2 converts DHA to 13-
hydroxy-DHA. With aspirin, this switches to 17R-oxygena-
tion to give epimeric aspirin-triggered (AT) forms, also in
brain (12,13), of both resolvins (RvD1 through RvD6) and
DT (i.e., 10,17R-DT) (see Fig. 3). 

17S D SERIES RESOLVINS

Using our new mediator-lipidomic analyses, we learned that
without aspirin or added DHA, the endogenous DHA was

converted in vivo to a 17S series of resolvins (RvD1 through
RvD6) as well as DT (10,17S-DT) (13,14). As in most struc-
tural elucidation experiments, added substrates were used to
confirm biosynthesis, and to isolate quantities of the novel ac-
tive principle for bioassay. In this case, given the large doses
in humans, experimental animals, and in vitro cell culture
studies needed to observe effects in omega-3 supplement
studies reported in the literature (see Ref. 2–5 and references
therein), we expected that these precursors needed to be
added in the present studies. This proved not to be the case.
Tissues such as normal mouse tissue and isolated human
neural cells contain DHA that is available upon activation to
produce 17S-containing DT and RvD in vivo (11–15) (Table 1). 

ANTI-INFLAMMATORY PROPERTIES

With microglial cells that liberate cytokines in the brain, the
D class resolvins block tumor necrosis factor α (TNFα)-in-
duced interleukin (IL)-1β transcripts and are potent regula-
tors of PMN infiltration in brain, skin, and peritonitis in vivo
(13,14). Of the DT-derived family, 10,17S-DT, the neuropro-
tectin D1 pathway shown in Figure 4, proved a potent regula-
tor of PMN influx in exudates at sites where it is formed from
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FIG. 2. Resolvin E1 (RVE1) biosynthesis from EPA. Human endothelial cells expressing cyclooxygenase (COX)-2
treated with ASA transform EPA by abstracting hydrogen at C16 to give R insertion of molecular oxygen to yield
18R-hydro(peroxy)-eicosapentaenoic acid (EPE), which is reduced to 18R-hydroxy-HEPE (not shown). They are
next converted via sequential actions of a leukocyte 5-lipoxygenase (LOX)-like reaction that lead to the formation
of 5,12,18R-triHEPE (RvE1) (12,51).
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FIG. 3. Aspirin-triggered (AT) D series resolvins. The 17R series resolvins are produced from DHA in the presence of ASA (aspirin). Human
endothelial cells expressing COX-2 treated with ASA transform DHA to 17R-hydroxy-DHA (17R-HDHA). Human polymorphonuclear neu-
trophils (PMN) convert 17R-HDHA to two compounds via 5-lipoxygenation (modeled with the potato 5-LOX) (11,12) that are each rapidly
transformed into two epoxide intermediates: a 7(8)-epoxide (left side) and the other a 4(5)-epoxide. These two novel epoxide intermediates
open to bioactive products denoted 17R series ATRvD1 through ATRvD6. Note: Stereochemistry depicted in likely configuration based on
results with recombinant enzymes [see Refs. 12 and 13 for further details]. For other abbreviations see Figure 2.

TABLE 1
Biosynthesis of Resolvins and Protectins in Cells, Tissues, and Organsa

Compound Cells, tissues, or organs Compound Cells, tissues, or organs

RvE1 Murine exudates (11); human blood (51); RvD6 Human whole blood, human PMN,
coincubations of human endothelial cells human glial cells (13)
and human PMN (11) AT-RvD1 Murine inflammatory exudates (12); 

Neuroprotectin D1 Human whole blood, human PMN murine brain stroke (14)
(10,17S-docosatriene) and its omega carbon-22 oxidation product, AT-RvD2 Murine inflammatory exudates (12)

human glial cells (13); murine brain stroke (14); AT-RvD3 Murine inflammatory exudates (12)
human retinal pigment epithelium (15) AT-RvD4 Murine inflammatory exudates (12)

RvD2 Human whole blood (13) AT-RvD5 Murine inflammatory exudates (12)
RvD4 Human whole blood (13) AT-RvD6 Murine inflammatory exudates (12)
RvD5 Human whole blood glial cells (13)
aAT denotes the aspirin-triggered R epimer; RvE1, resolvin E1; RvD1–RvD6, resolvin D1–D6.
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FIG. 4. Docosatriene (DT) formation and neuroprotectin (NP) D1 pathway. The LOX product 17S-H(p)DHA is con-
verted to a 16(17)-epoxide and enzymatically converted to the 10,17-dihydroxy product (13) denoted as 10,17S-DT
(14) and recently coined NPD1 based on its potent actions in vivo (14,56). The complete stereochemistries are cur-
rently being established in work in progress and are depicted in their tentative configurations based on enzymatic
biosynthesis and biogenic synthesis. For other abbreviations see Figures 2 and 3.

FIG. 5. Enzymatic action of LOX (left panel). Dendogram illustrating the diversity in different animal and plant LOX
(right panel). The following LOX sequences were aligned using clustal x (GenBank accession ID indicated): LoxA
(Pseudomonas aeruguinosa LOX, PA1169/A83499), MnLo (Gaeumannomyces graminis manganese LOX,
AY040824), Hs5-LOX (Homo sapiens 5-LOX, P09917), Hs12R-LOX (Homo sapiens 12R-LOX, AF038461), Hs 15S-
LOX2 (Homo sapiens 15S-lipoxygenase type 2, NM_001141), Mm8S-LOX (Mus musculus 8S-lipoxygenase,
U93277), Hs 12-LOX plat (Homo sapiens platelet 12-LOX, P18054), Hs 15-LOX1 (Homo sapiens 15-LOX type I,
M23892), AtLOX2 (Arabidopsis thaliana LOX 2, JQ2391), Soy LO (soybean LOX 5, U50075), and AtLOX1 (Ara-
bidopsis thaliana LOX 1, JQ2267). The alignment was used to construct this unrooted tree dendrogram (see Vance
et al., Ref. 60, for further details). For other abbreviations see Figures 2 and 3.



endogenous precursors (12,13), limiting stroke brain injury (14)
and retinal pigmented cellular damage (15). Other dihydroxy-
docosanoids were less active in these bioassay settings (13,15). 

Direct comparisons of resolvin E class versus the D
classes (17R and 17S epimer series) for their ability to regu-
late PMN in vivo were carried out (12,13,35). Both the D and
E classes of resolvins are potent regulators of PMN infiltra-
tion. Resolvins D class 17R series, triggered by aspirin, and
17S series give essentially similar results (DHA-derived tri-
hydroxy resolvins), indicating that the S to R switch does not
diminish their bioactions. When injected intravenously at 100
ng/mouse, they both gave approximately 50% inhibition, and
the RvE1 gave approximately 75–80% inhibition. In compar-
ison, indomethacin at 100 ng/mouse (or ~3 µg/kg) gave
roughly 25% inhibition (see Refs. 12, 13).

The main bioactive resolvins and DT as representative
members are shown in Figures 2–4. The formation of these
compounds may involve enzymes that are also known to con-
vert arachidonic acid as substrate. It is possible that, in view
of the many LOX identified to date with unknown function(s)
and/or specific PUFA as substrates (54,55), strategically posi-
tioned enzymes may be specifically involved in pathways that
produce these novel compounds. In general, LOX are defined
by their ability to convert PUFA that contain cis,cis-1,4-pen-
tadiene subunits to hydroperoxy-containing products that can
serve as intermediates. The best-appreciated substrate in
human tissues is arachidonic acid; the main LOX convert ar-
achidonic acid to the corresponding 5S-, 12S-, or 15S-hy-
droperoxyeicosatetraenoic acids. Hence these enzymes came
to be known as the arachidonate:oxygen 5-oxidoreductase (5-
LOX), arachidonate:oxygen 12-oxidoreductase (12-LOX),
and arachidonate:oxygen 15-oxidoreductase (15-LOX). The
release and availability of substrate is critical to indicating the
preferred substrate of a given LOX, which appears to be best
appreciated only in the case of 5-LOX in leukotriene biosyn-
thesis (56). With the identification of LOX via molecular
cloning, many additional LOX have been discovered, but
their preferred substrates are not established. These include
12R-LOX, 15-LOX-type 2, soluble 15-LOX (LoxA), and 8S-
LOX (see Fig. 5 and legend for details). Each was cataloged
according to its position of molecular insertion into arachido-
nate (see Refs. 57–60 and see supplemental materials
therein). It follows that specific hydrolase(s), synthase(s), and
related enzymes specialized to act on DHA- and EPA-derived
intermediates are likely to be involved in these novel com-
pounds and pathways. Hence, it remains to be established
whether EPA and DHA are each converted by either specific
pathways to biosynthesize these novel bioactive products or
whether they simply commandeer the eicosanoid pathways as
competitive substrates in these routes to generate the new
bioactive products (Figs. 2–4).

Also note that 5S,18R-diHEPE (RvE2) carries a conju-
gated diene structure that is separate and distinct from the
novel triene plus diene structure and chromophore present
in RvE1. These compounds display potent actions in vivo
and with isolated cells Recent results indicate that the lig-

and-specific receptor for RvE1 proved to be ChemR23 (51).
In summation, resolvin and DT are novel families com-

prised of five separate chemical series of lipid-derived media-
tors, each with unique structures and apparent complementary
anti-inflammatory properties and actions. Both families of
compounds, Rv and DT (protectins; see Fig. 1), are also gener-
ated in their respective epimeric forms when aspirin is given in
mammalian systems (11,12). The resolvins and DT each
dampen inflammation and PMN-mediated injury from within,
key culprits in many human diseases. The results of these ini-
tial studies underscore a role in resolution as well as in cataba-
sis. Catabasis is defined as a decline of disease (see www.mer-
ckmedicus.com). Here the term catabasis is used to denote the
active biosynthesis of resolvins and protectins as local media-
tors of and during the resolution phase of inflammatory dis-
eases. They also give a possible therapeutic potential for this
new arena of immunomodulation and host protection. Hence,
it is likely that the resolvins, DT, and their AT-related forms
may play roles in other tissues and organs involved in physio-
logical and pathological processes. It is of note that fish, for ex-
ample, trout, generate LOX products such as LXA5 from en-
dogenous EPA (54), and also biosynthesize 17S-series RvD and
DT from endogenous DHA (Hong S., Tjonahen E., Morgan
E.L., Serhan C.N., and Rowley A.F., unpublished data). To-
gether our findings suggest that these novel lipid mediators
(e.g., resolvins, DT, and neuroprotectins) are conserved in evo-
lution as self-protective and host-protective mediators. These
pathways and their actions are the subject of our current inves-
tigations. In view of the important roles of DHA and EPA in
human biology and medicine uncovered to date (2–5,11), the
physiologic relevance of the resolvins and protectins is likely
to extend well beyond our current appreciation (11–15).
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ABSTRACT: Oxidation of phosphatidylserine (PtdSer) has
been shown to play a pivotal role in signaling during cell apop-
tosis and subsequent recognition of apoptotic cells by phago-
cytes. However, the redox catalytic mechanisms involved in se-
lective PtdSer oxidation during apoptosis remain poorly under-
stood. Here we employed anti-Fas antibody CH-11-treated
A549 cells as a physiologically relevant model to investigate the
involvement of PtdSer oxidation and its potential mechanism
during apoptosis. We demonstrated that ligation of CH-11 with
its cognate receptor initiated execution of apoptotic program in
interferon gamma-pretreated A549 cells as evidenced by acti-
vation of caspase and DNA fragmentation. A significant in-
crease of cytochrome c (cyt c) content in the cytosol as early as
2 h after CH-11 exposure was detected indicating that Fas-in-
duced apoptosis in A549 cells proceeds via extrinsic type II
pathway and includes mitochondrial signaling. PtdSer was se-
lectively oxidized 3 h after anti-Fas triggering while two more
abundant phospholipids—phosphatidylcholine (PtdCho) and
phosphatidylethanolamine (PtdEtn) —and the major intracellu-
lar antioxidant, glutathione, remained nonoxidized. A pan-cas-
pase inhibitor, z-VAD, fully blocked cyt c release and oxidation
of PtdSer in Fas-treated A549 cells. On the other hand, z-
DQMD, a caspase-3 inhibitor, completely inhibited caspase-3
activity but did not fully block caspase-8 activation and release
of cyt c. Importantly, z-DQMD failed to protect PtdSer from ox-
idation. In addition, in a model system, we demonstrated that
peroxidase activity of cyt c was greatly enhanced in the pres-
ence of dioleoylphosphatidylserine containing liposomes by
monitoring oxidation of 2′,7′-dichlorodihydrofluorescein to
2′,7′-dichlorofluorescein. We further showed that peroxidase
activity of cyt c catalyzed oxidation of 1-palmitoyl-2-arachi-
donoyl-3-glycero-phosphoserine using a newly developed

HPLC assay. MS analysis of 1-palmitoyl-2-arachidonoyl-3-glyc-
ero-phosphoserine revealed that in addition to its mono- and
dihydroperoxides, several different PtdSer oxidation products
can be formed. Overall, we concluded that cyt c acts as a cata-
lyst of PtdSer oxidation during Fas-triggered A549 cell apopto-
sis. 

Paper no. L9557 in Lipids 39, 1133–1142 (November 2004). 

Oxidative stress and free radicals generated by either pro-ox-
idant chemicals or redox-cycling agents [e.g., H2O2 (1), di-
amide (2), and semiquinones (3)] or physical agents [e.g., UV
irradiation (4)] are commonly associated with triggering of
apoptosis. Generation of reactive oxygen species (ROS) and
subsequent oxidative stress has also been demonstrated to
occur in cells upon initiation of both intrinsic and extrinsic
apoptosis by different nonoxidant stimuli such as stau-
rosporine, melphalan, and Fas (5–7). In the latter case, a spe-
cific role for ROS in apoptosis has not been well established
although their production is likely essential for the execution
of the programmed death (6). We have recently documented
the preferential oxidation of phosphatidylserine (PtdSer) dur-
ing cell apoptosis on various stimuli and identified oxidized
PtdSer (oxPtdSer) as a meaningful signaling molecule acting
as a fine-tuning enhancer of PtdSer externalization and sub-
sequent recognition of apoptotic cells by macrophages (8,9).

The preferential oxidation of PtdSer was only observed in
intact living cells undergoing apoptosis but not in liposomes
incubated with oxidants (10). Oxidation of PtdSer preceded
its externalization during apoptosis and was blocked by the
anti-apoptotic protein Bcl-2 (11,12). While these observations
imply that PtdSer oxidation may be an indispensable part of
PtdSer signaling pathways in apoptosis, the specific mecha-
nisms involved in its selective oxidation remain to be eluci-
dated. Since oxidative stress during apoptosis is largely due
to disrupted electron transport in mitochondria and departure
of cytochrome c (cyt c) from mitochondria into cytosol, we
hypothesized that this specific oxidative pathway involves cyt
c. We have speculated that positively charged cyt c [pI = 10.3
(13)] released from mitochondria into cytosol may interact
with negatively charged PtdSer in the inner leaflet of plasma
membrane and utilize H2O2 formed by disrupted mitochon-
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dria electron transport to catalyze preferential PtdSer oxida-
tion (14).

In normal lung, elimination of apoptotic cells by
macrophages is a highly regulated physiological process that
is carried out without injury to neighboring cells and with
minimum inflammation. The apoptotic cells that are not
cleared by macrophages may undergo secondary necrosis
with discharge of injurious cell contents. A wide array of
pathological conditions like emphysema, pulmonary fibrosis,
cystic fibrosis, and obliterative bronchiolitis in lung trans-
plantation have been associated with excessive apoptosis
and/or reduced clearance of apoptotic cells (15–19). Thus it
is essential to investigate the factors, including oxPtdSer, that
control the signaling pathways leading to effective cell re-
moval.

Fas/FasL has been recently implicated in apoptosis in lung
both under physiologic conditions as well as in disease. Fas,
a member of the TNF receptor superfamily, is a 36-kDa trans-
membrane receptor (20). Upon binding of Fas to its cognate
ligands, a Fas expressing cell commits to the extrinsic apop-
totic pathway via recruitment of accessory proteins and for-
mation of a death-inducing signaling complex (DISC) that
contains the adaptor protein Fas-associated death domain pro-
tein (FADD) and caspase-8 that initiates apoptosis (21,22). In
certain cell types (type II cells), the receptor-mediated path-
way of apoptosis recruits the mitochondrial mechanisms to
enhance apoptosis through caspase-8-mediated cleavage of
Bid and the two pathways converge at the level of caspase-3
activation (21,22).

Herein, we report that anti-Fas antibody CH-11-induced
apoptosis in interferon gamma (IFN-γ)-pretreated A549 cells
resulted in selective PtdSer oxidation, preceded by release
and accumulation of cyt c in the cytosol. Moreover, PtdSer
oxidation was sensitive to a pan-caspase inhibitor, z-VAD,
which blocked cyt c release from mitochondria but was in-
sensitive to a caspase-3 inhibitor, z-DQMD, which did not
prevent mitochondrial disruption and cyt c release. Further-
more, using cell-free systems, we showed that interaction
with PtdSer (but not with PtdCho) converts cyt c in a peroxi-
dase-catalyzing oxidation of PtdSer.

EXPERIMENTAL PROCEDURES

Materials. IFN-γ was purchased from Biosource International
(Camarillo, CA). Anti-Fas monoclonal antibody (CH-11) was
obtained from MBL (Nagoya, Japan). Anti-cyt c antibody
was from BD Biosciences (Pharmingen, San Diego, CA). Z-
VAD and z-DQMD were from Calbiochem (San Diego, CA).
Enzchek Caspase-3 Assay Kit, cis-parinaric acid (PnA), Am-
plex Red Reagent (10-acetyl-3,7-dihydroxyphenoxazine),
and 10-N-nonyl acridine orange (NAO) were purchased from
Molecular Probes (Eugene, OR). Horse heart cyt c, superox-
ide dismutase (SOD), and catalase were from Sigma (St.
Louis, MO). Mitochondria/Cytosol Fractionation Kit and
Caspase-8/FLICE Fluorometric Protease Assay Kit were
from Biovision (Mountain View, CA). Cyt c ELISA kit was

from Oncogene (Boston, MA). 1-Palmitoyl-2-arachidonoyl-
3-glycero-phosphocholine (1-palmitoyl-2-arachidonoyl GroP-
Cho), 1-palmitoyl-2-arachidonoyl-3-glycero-phosphoserine
(1-palmitoyl-2-arachidonoyl-GroPSer), 1,2-dioleoyl-3-glyc-
ero-phosphocholine (dioleoyl-GroPCho), 1,2-dipalmitoyl-3-
glycerol-phosphoserine (dipalmitoyl-GroPSer), and 1,2-di-
oleoyl-3-glycero-phosphoserine (dioleoyl-GroPSer) were
from Avanti Polar Lipids (Alabaster, AL). 

Cell culture and treatments. A549 cells were cultured in
F-12K medium with 10% heat-inactivated FBS. For apopto-
sis induction, cells were exposed to IFN-γ and CH-11 as de-
scribed previously (23,24) with modifications. In brief, cells
were plated in six-well plates at 0.1 × 106/well and allowed
to adhere overnight, and then incubated with 1000 U/mL of
IFN-γ for 24 h and subsequently loaded with 1 µg/mL of CH-
11 for indicated time periods. The protease inhibitors, z-VAD
or z-DQMD, were added 30 min before CH-11 treatment at
the concentration of 40 µM in 0.4% DMSO. Parallel dishes
received an equivalent volume of the solvent (0.4% DMSO)
and were cultured under identical conditions. At the end of
incubation, attached cells were harvested by trypsinization
and pooled with detached cells.

Analysis of caspase activity. Caspase-3 and caspase-8 pro-
tease activities were assessed using Enzchek Caspase-3 Assay
Kit and Caspase-8/FLICE Fluorometric Protease Assay Kit
as described by the respective manufacturer’s protocols. The
fluorescence of cleaved substrates was determined using a Fu-
sion a plate reader (PerkinElmer, Downers Grove, IL), and
enzyme activity was expressed as arbitrary fluorescence units
per microgram of protein. 

Measurements of DNA fragmentation. Cells were collected
at the end of incubation, after being washed once with PBS,
fixed with 70% ethanol at 4°C overnight. Cells were then re-
suspended in PBS [containing 10 mg/mL propidium iodide
(PI) and 0.2 mg/mL DNase-free RNase] for 30 min at room
temperature in the dark. DNA fragmentation was analyzed on
a FACscan flow cytometer using Cell Quest software (Bec-
ton-Dickinson, San Jose, CA). 

Assay for cytochrome c release. Cytosolic fraction was
separated using a Mitochondria/Cytosol Fractionate Kit. Con-
tent of cyt c was determined using a Cyt c ELISA Kit accord-
ing to the manufacturer’s protocol. 

Assessment of membrane phospholipid oxidation. IFN-γ-
pretreated A549 cells were metabolically labeled with PnA
as described previously (25,26) before addition of CH-11.
Total lipids were extracted at the end of incubation using the
procedure of Folch et al. (27) in the presence of butylated hy-
droxytoluene to inhibit subsequent oxidations; lipids were
then separated by normal phase HPLC using a 5-µm Mi-
crosorb-MV Si column (4.6 mm × 250 mm) employed with
the following mobile phase at 1 mL/min: solvent A (iso-
propanol/hexane/water, 57:43:1, by vol) and solvent B (iso-
propanol/hexane/40 mM aqueous ammonium acetate,
57:43:10, by vol, pH 6.7), 0–3 min linear gradient from 10 to
37% B, 3–15 min with an isocratic at 37% B, 15–23 min with
a linear gradient to 100% B, and 23–45 min with an isocratic
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gradient at 100% B. The separations were performed using a
Shimadzu HPLC system (LC-600) (Kyoto, Japan) equipped
with a fluorescence detector (RF-10A) (Kyoto, Japan). Data
were processed and stored in digital form using Shimadzu
Ezchrom software. The amount of lipid phosphorus was de-
termined using a micro method (28). To identify the HPLC
peaks, two approaches were used: (i) The fractions of phos-
pholipids were collected and analyzed by two-dimensional
HPTLC on silica-gel plates. The phospholipids were visual-
ized by exposure to iodine vapors and identified by compar-
ing them with the Rf values measured for the authentic phos-
pholipid standards. (ii) Authentic phospholipids standards
were subjected to HPLC with UV detection and their Rf val-
ues compared with those of biological samples. 

Assay for cyt c peroxidase activity and lipid binding con-
stant. Liposomes were prepared from either dioleoyl-GroP-
Cho or from a mixture of dioleoyl-GroPCho and dioleoyl- (or
dipalmitoyl-)GroPSer at a ratio of 1:1 (4 mM total lipid) by
tip sonicator (Ultrasonic Homogenizer 4710 Series, Cole-
Palmer-Instrument Co., Chicago, IL). To determined peroxi-
dase activity, 2′,7′-dichlorodihydrofluorescein (DCFH) was
prepared from its diacetate by alkaline hydrolysis as previ-
ously reported (29). Cyt c (2 µM) was preincubated with (or
without) small unilamellar phospholipid liposomes (100 µM)
for 1 h in HEPES buffer (50 mM, pH 7.0), and then H2O2 (10
µM) and DCFH (10 µM) were added for 5-min incubation.
Peroxidase activity of cyt c was assessed by monitoring the
oxidation of DCFH to 2′,7′-dichlorofluorescein (DCF) by flu-
orescence spectroscopy (excitation, 502 nm; emission, 522
nm). To estimate the binding constant, liposomes (4 mM)
were incubated with cyt c (40 µM) in the presence of differ-
ent concentrations (2–12 mM) of NAO (1 h at room tempera-
ture in dark), which is known to strongly bind cardiolipin.
The samples were electrophoresed in native-PAGE with 7.5%
polyacrylamide in HEPES-Imidazol buffer (pH 7.4), and free
cyt c was determined using Coomassie Blue staining. The
lipid-cyt c binding constant was calculated based on known
binding constant of lipid-NAO ([NAO]/[Cyt c]free = Klipid-cytc
/Klipid-NAO) (30). 

Determination of cyt c-catalyzed oxidation of 1-palmitoyl-
2-arachidonyl-GroPSer. 1-palmitoyl-2-arachidonyl-GroPSer
or 1-palmitoyl-2-arachidonyl-GroPCho was incubated with
cyt c (50 µM) in reaction buffer [50 mM phosphate buffer
containing 100 µM diethylenetriaminepentaacetic acid
(DTPA), pH 7.4) in the presence of H2O2 (100 µM of H2O2
was added every 15 min during incubation) for 1 h at 37°C.
At the end of incubation, 100 U of catalase was added for ad-
ditional 5-min incubation to remove excess of H2O2. Lipids
were then extracted using the procedure by Folch et al. (27).

Determination of lipid hydroperoxides using HPLC. Lipid
hydroperoxides were determined by fluorescence HPLC of
products formed in microperoxidase-catalyzed reaction of
specific lipid hydroperoxides with a fluorogenic substrate,
Amplex Red, according to our newly developed protocol
(31). The assay was started by addition of 10 µL of reaction
mixture containing 50 µM Amplex Red to 40 µL of basic re-

action mixture containing 25 mM NaH2PO4, (pH 7.0 at 21°C)
and an aliquot (2 µL) of PtdSer treated with cyt c and H2O2.
After addition of 1 µL of microperoxidase (1.0 µg/µL) sam-
ples were incubated at 37°C for 15 min. The reaction was
stopped by addition of 100 µL of solution of 10 mM HCl in
acetonitrile. After centrifugation at 15,000 × g for 5 min,
aliquots of supernatant (5 µL) were injected into Eclipse
XDB-C18 column (5 µm, 150 × 4.6 mm). Mobile phase was
composed of 25 mM NaH2PO4 (pH 7.0)/methanol (50:50,
v/v). The flow rate was 1 mL/min. The resorufin (an Amplex
Red oxidation product) fluorescence was measured at 590 nm
after excitation at 560 nm. Shimadzu LC-100AT vp HPLC
system equipped with fluorescence detector (RF-10Axl) and
autosampler (SIL-10AD vp) was used. Data were processed
and stored in digital form with Class-VP software. 

Elecrospray ionization mass spectrometry of 1-palmitoyl-
2-arachidonoyl-GroPSer. Lipids were analyzed by electro-
spray ionization spectrometry by direct infusion into a triple
quadrupole mass spectrometer (Finnigan MAT TSQ 700, San
Jose, CA). Samples were evaporated under N2, resuspended
in chloroform/methanol (1:2, v/v; 10 pmol/µL) and directly
utilized for acquisition of negative-ion ESI mass spectra using
a syringe pump (KDS100; KDS Scientific, Holliston, MA) at
a flow rate of 2 µL/min. The electrospray probe was operated
at a voltage differential of –4.5 kV. Mass spectra for the
(M–H)− PtdSer species were obtained by scanning in the
range of 750–850 every 0.75 s and summing individual spec-
tra. Source temperature was maintained at 70°C. 

Statistics. All data were expressed as mean ± SD values.
Paired t-tests were used for single comparisons. Differences
were considered significant when P < 0.05.

RESULTS

Anti-Fas antibody-triggered apoptosis in IFN-γ-pretreated
A549 cells. In agreement with previous reports (23,24), addi-
tion of CH-11 antibody to IFN-γ-pretreated A549 cells re-
sulted in apoptosis as evidenced by an increase in caspase-3
activity. Figure 1A demonstrates that a 12-fold increase in
caspase-3 activity was achieved after stimulation with CH-11
antibody for 3 h compared to control (nontreated) cells. No
activation of caspase-3 was detected in IFN-γ-pretreated cells
devoid of CH-11 exposure or in cells treated with CH-11 an-
tibody without IFN-γ pretreatment (data not shown). Figure
1B shows the results of flow cytometric analysis revealing
typical for apoptotic cells substantial DNA fragmentation
after exposure to IFN-γ/CH-11. The characteristic DNA frag-
mentation was observed in 27.6% of CH-11-triggered IFN-γ-
pretreated A549 cells vs. 3.9% of IFN-γ-pretreated cells with-
out CH-11 exposure.

Although receptor-mediated extrinsic pathway can func-
tion independently of intrinsic mitochondrial mechanisms, in
most cases both pathways are activated simultaneously and
are reciprocally augmented. To delineate the role of mito-
chondria in regulating IFN-γ-/CH-11-induced apoptosis, we
determined the release of cyt c from mitochondria into the cy-
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tosol by ELISA assay. Compared with control (nontreated)
cells (72.2 ng/mg of protein), there were no changes in the
cytosolic cyt c content in cells pretreated with IFN-γ without
CH-11 exposure (Table 1) or cells incubated with CH-11
alone (data not shown). Significantly increased levels of cyt c
were detected in the cytosol of IFN-γ-pretreated cells as early
as 2 h after activation of Fas receptor by CH-11 (152.9 ng/mg

of protein, P < 0.05) and the cyt c content mounted up to
397.2 ng/mg of protein after 3 h of incubation (P < 0.05)
(Table 1).

Fas-triggered phospholipid oxidation in A549 cells. To de-
termine whether Fas-ligation induced phospholipid peroxida-
tion in A549 cells, IFN-γ-pretreated cells were metabolically
labeled with a natural fluorescent fatty acid, PnA, before the
addition of CH-11. Figure 2A shows a typical fluorescence
HPLC profile of major PnA-labeled membrane phospholipids
extracted from A549 cells. Oxidation of phospholipids was
determined by the decrease in fluorescence intensity of PnA
esterified in four major classes of phospholipids, namely,
phosphatidylcholine (PtdCho), phosphatidylethanolamine
(PtdEtn), PtdSer, and phosphatidylinositol (PtdIns). Figure
2B illustrates that PtdSer was the only phospholipid that ex-
perienced significant Fas-induced oxidation. PtdSer was
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FIG. 1. Anti-Fas agonistic antibody CH-11 induces apoptosis in A549
cells. A549 cells were pretreated with 1000 U/mL of interferon-γ (IFN-γ)
for 24 h, cells were then incubated with 1 µg/mL of CH-11 for 3 h. (A)
Caspase-3 activity assayed by cleavage of the peptide substrate DEVD-
AMC. Values are means ± SD (n = 3). #P < 0.01, compared with cells
without any treatment, *P < 0.01, compared with IFN-γ/CH-11 triggered
cells. (B) FACscan analysis demonstrating DNA fragmentation in A549
cells after IFN-γ/CH-11 treatment. The relative number of cells found in
the region marked as M1 was defined as the percentage of apoptotic
cells.

TABLE 1
Accumulation of Cytochrome c (Cyt c) in Cytosol of A549 Cells
Treated with CH-11a

Cyt c, ng/mg of protein

Time, h IFN-γ CH-11/IFN-γ

0 72.2 ± 19.2 /
1 80.3 ± 17.6 67.2 ± 14.3
2 86.4 ± 7.9 152.9 ± 17.2*
3 73.6 ± 10.3 397.2 ± 32.4*
aApoptosis was induced by exposure of cells to CH-11 antibody after inter-
feron-γ (IFN-γ) pretreatment for 1, 2, or 3 h. Cells were then harvested at var-
ious time points, cytosolic fractions were separated, and cyt c content was
determined using Elisa assay. Cells without any treatment were used as a
control at 0 point. Data represent means ± SD (n = 3). *P < 0.05, compared
with control. 

FIG. 2. CH-11-induced phospholipid oxidation in A549 cells. IFN-γ-
pretreated A549 cells were metabolically labeled with cis-PnA for 2 h
at 37°C, then incubated with 1 µg/mL of CH-11 for 1, 2, or 3 h. (A) Typ-
ical fluorescence HPLC tracing of PnA-labeled membrane phospho-
lipids extracted from A549 cells. (B) Fas-triggered oxidation of mem-
brane phospholipids. Note that PtdSer was preferentially oxidized
among major classes of phospholipids in A549 cells after 3-h incuba-
tion, which was significantly protected by SOD (50 U/mL) and catalase
(50 U/mL). Antioxidant enzymes were added simultaneously with CH-
11 to IFN-γ-pretreated/PnA-labeled A549 cells and incubated for 3 h.
Data are means ± SD (n = 3). #P < 0.05, compared with control cells
without CH-11 treatment. *P < 0.05, compared with IFN-γ/CH-11-treated
cells. PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine;
PtdIns, phosphatidylinositol; PtdSer, phosphatidylserine; SOD, superox-
ide dismutase; PnA, parinaric acid; for other abbreviation see Figure 1.



slightly (by ~15.0%) but not significantly oxidized as early as
2 h after addition of CH-11. A twofold decrease of fluores-
cently labeled PnA-PtdSer (down to 52.0% of its initial level,
P < 0.05), demonstrating a pronounced PtdSer oxidation, was
observed after 3-h exposure of cells to CH-11. In contrast, no
significant peroxidation was detected in two more abundant
phospholipid classes, PtdCho and PtdEtn. PtdIns, another
major acidic phospholipid in the cytosolic leaflet of plasma
membrane, demonstrated a slightly enhanced oxidation dur-
ing Fas-induced apoptosis; the effect, however, did not reach
the level of statistical significance. Fas-induced PtdSer oxida-
tion was blocked (P < 0.05) by a combination of exogenously
added antioxidant enzymes, SOD (50 U/mL) and catalase (50
U/mL) (Fig. 2B). Importantly, intracellular concentrations of
glutathione (GSH), the most abundant thiol and major scav-
enger of radicals in the cytosol were also found to be un-
changed during Fas-triggered apoptosis in A549 cells (data
not shown).

Oxidation of PtdSer is dependent on accumulation of cyt c
in the cytosol. We hypothesized that cyt c released from mito-
chondria into the cytosol—through its interactions with
PtdSer in the presence of endogenously formed H2O2—may
act as a specific catalyst responsible for predominant oxida-
tion of PtdSer (rather than random oxidation of other more
abundant phospholipids or GSH). This notion was supported
by the fact that PtdSer oxidation was preceded by accumula-
tion cyt c in CH-11-triggered A549 cells.

To further explore the potential role of cyt c in PtdSer oxi-
dation, two caspase inhibitors—a pan-caspase inhibitor, z-
VAD, and a specific caspase-3 inhibitor, z-DQMD, were used
to manipulate cyt c release in Fas-triggered A549 cells. Prein-
cubation of cells with the z-VAD completely prevented both
caspase-8 (Fig. 3A) and capase-3 activation (Fig. 1A) in Fas-
triggered A549 cells. Caspase-3 activity was also completely
blocked in cells pretreated with z-DQMD (Fig. 1A), whereas
caspase-8 activity was only partially inhibited (P < 0.05, com-
pared with IFN-γ-/CH-11-treated cells, or IFN-γ-pretreated
cells without CH-11 exposure) (Fig. 3A).

Since mitochondrial events are believed to occur down-
stream of caspase-8 activation but upstream of caspase-3 ac-
tivation, release of cyt c is anticipated to have different sensi-
tivity to z-VAD or z-DQMD treatment. As shown in Figure
3B, Fas-induced cyt c accumulation in the cytosol was com-
pletely blocked in the presence of z-VAD (77.9 ng/mg of pro-
tein; P < 0.05, compared with Fas-triggered apoptotic cells).
In contrast, z-DQMD failed to prevent cyt c accumulation in
CH-11-triggered cells (232.2 ng/mg of protein), although the
concentration of cytosolic cyt c was lower than that in Fas-
triggered A549 cells in the absence of z-DQMD.

If the presence of cyt c in the cytosol is critical for its cat-
alytic role in PtdSer oxidation, then z-VAD and z-DQMD
should affect PtdSer oxidation according to their ability to
regulate cyt c release from mitochondria. Indeed, z-VAD,
which blocked the release of cyt c from mitochondria, com-
pletely inhibited PtdSer oxidation in Fas-triggered A549 cells
as evidenced by the lack of loss of PnA-labeled PtdSer (Fig.

4). In contrast, z-DQMD, which did not prevent release of cyt
c, exerted no significant effect on Fas-triggered PtdSer oxida-
tion (Fig. 4). These results allude to a close association be-
tween cyt c accumulations in the cytosol with PtdSer oxida-
tion during Fas-triggered apoptosis in A549 cells.

Cyt c-catalyzed oxidation of DCFH or lipids. Once in the
cytosol, positively charged cyt c may interact with negatively
charged PtdSer in the inner leaflet of plasma membrane. Ini-
tial electrostatic binding of cyt c to acidic phospholipids is
followed by strong hydrophobic interactions (at cyt c C-site)
leading to profound conformational changes and rupture of
the Fe-Met80 coordination bond with heme iron (32–34). As
a result, peroxidase activity of cyt c may be enhanced result-
ing in selective oxidation of PtdSer. Here we assessed the ef-
fect of PtdSer binding on the peroxidase activity of cyt c
using as substrate of DCFH, a probe that undergoes oxidation
to fluorescent DCF (35). As shown in Figure 5, a low level of
DCFH oxidation was detected in the presence of 10 µM H2O2
and the presence of cyt c slightly increased the rate of DCF
formation. Dioleoyl-GroPCho containing liposome did not
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FIG. 3. Effect of caspase inhibitors on Fas-induced caspase-8 activation
and cytochrome c (cyt c) release in A549 cell. IFN-γ-pretreated A549
cells were preincubated with z-VAD (40 µM) or z-DQMD (40 µM) for
30 min before addition of CH-11 antibody (1 µg/mL) after which the
cells were additionally incubated with the inhibitors for 3 h. (A) Mea-
surements of caspase-8 activity. (B) Assay of cyt c content in the cytoso-
lic fraction. Data represent means ± SD (n = 3). #P < 0.05, compared
with IFN-γ-pretreated cells without CH-11 exposure. *P < 0.05, com-
pared with IFN-γ-/CH-11-treated cells. For other abbreviation see Fig-
ure 1.



significantly change H2O2/cyt c-catalyzed DCFH oxidation.
In contrast, dioleoyl-GroPCho/dioleoyl-GroPSer containing
liposome markedly enhanced oxidation of DCFH to DCF.
The peroxidase activity was fully abolished in the presence
of anti-cyt c antibody. Though fully saturated dipalmitoyl-
GroPSer also slightly increased oxidation of DCFH to DCF,
its effect was significantly less pronounced than that of di-
oleoyl-GroPSer (P < 0.01).

Binding of acidic phospholipids to cyt c is essential for its
activation to a peroxidase and subsequent phospholipid oxi-
dation. Therefore, we compared binding of different phospho-
lipids with cyt c and established that it decreased in the fol-
lowing order: tetraoleoyl-cardiolipin (data not shown) >> di-
oleoyl-GroPSer (3.84 ± 1.76 × 106 M−1) >>
dioleoyl-GroPCho (essentially no binding). We further estab-
lished that even for cardiolipin, which demonstrates a remark-
ably high affinity for cyt c when unsaturated molecular
species of cardiolipin are used for its activation to a peroxi-
dase, both binding and peroxidase activity are essentially un-
detectable in the presence of cardiolipin-saturated molecular
species (e.g., tetramyristoyl-cardiolipin; data not shown).
These results are consistent with the hypothesis that both the
negatively charged headgroup and unsaturated fatty acid
residue were critical for the tight binding of cyt c and activa-
tion of cyt c peroxidase activity

Most important, when 1-palmitoyl-2-arachinodyl-GroPSer
was incubated with cyt c in the presence of H2O2, marked ox-
idation of 1-palmitoyl-2-arachidonoyl-GroPSer was detected
by Amplex Red-based assay of lipid hydroperoxides (Fig. 6)
as well as by ESI-MS-analysis (Fig. 7). As can be seen from
the spectrum, 1-palmitoyl-2-arachidonoyl-GroPSer molecu-
lar ion is represented by a peak with m/z 782.83. After incu-
bation with cyt c/H2O2, mono-(814.85 m/z) and di-(847.37
m/z) hydroperoxides were detected as the major peaks along
with other hydroperoxide oxidation products. In sharp con-
trast, cyt c/H2O2 did not cause any oxidation of 1-palmitoyl-
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FIG. 4. Effect of caspase inhibitors on Fas-induced phospholipid oxida-
tion in A549 cells. Note that z-VAD (but not z-DQMD) protected PtdSer
against Fas-induced peroxidation. PnA-labeled/IFN-γ-pretreated A549
cells were preincubated with z-VAD (40 µM) or z-DQMD (40 µM) for
30 min before addition of CH-11 antibody (1 µg/mL), after which the
cells were additionally incubated with the inhibitors for 3 h. Total lipids
were extracted from harvested cells and resolved by fluorescence-
HPLC. Data are means ± SD (n = 3), #P < 0.05, compared with IFN-γ-
/CH-11-treated cells. PnA, cis-parinaric acid; for other abbreviations
see Figures 1 and 2.

FIG. 5. Effect of PtdSer on peroxidase activity of cyt c. Cyt c (2 µM) was
preincubated with (or without) small unilamellar phospholipid lipo-
somes (100 µM) for 1 h in HEPES buffer (50 mM, pH 7.0), and then
H2O2 (10 µM) and DCFH (10 µM) was added for 5-min incubation. Per-
oxidase activity of cyt c was evaluated by monitoring the formation of
DCF with fluorescence spectroscopy (excitation, 502 nm; emission, 522
nm). In the experiment of peroxidase activity inhibition, anti-cyt c anti-
body (2 µM) was added 30 min before addition of H2O2 and DCFH.
Sample without cyt c was considered as control. Data shown are repre-
sentative of three independent experiments. *P < 0.01, compared with
dioleoyl-GroPSer/cyt c. DCFH, 2′,7′-dichlorodihydrofluorescein; di-
oleoyl-GroPCho, 1,2-dioleoyl-3-glycero-phosphocholine; dioleoyl-
GroPSer, 1,2-dioleoyl-3-glycerophosphoserine; dipalmitoyl-GroPSer, 1,2-
dipalmitoyl-3-glycero-phosphoserine; for other abbreviation see Figure 3.

FIG. 6. Cyt c catalyzed oxidation of lipids. 1-Palmitoyl-2-arachidonyl-
GroPSer or 1-palmitoyl-2-arachidonyl-GroPCho (1 mM) were incubated
with cyt c (50 µM) in the presence of H2O2 (100 µM of H2O2 was added
every 15 min during 1-h incubation at 37°C). Lipid hydroperoxides
were assessed by determining the formation of resorufin in microperox-
idase catalyzed reaction of specific lipid hydroperoxides with a fluoro-
genic substrate, Amplex Red, using HPLC. Data are mean ± SD (n = 3)
(*P < 0.01, compared with 1-palmitoyl-2-arachidonyl-GroPSer). 1-
Palmitoyl-2-arachidonyl-GroPSer, 1 palmitoyl-2-arachidonyl-3-glycero-
phosphoserine; 1-palmitoyl-2-arachidonyl-GroPCo, 1-palmitoyl-2-arachi-
donyl-3-glycero-phosphocholine; for other abbreviation see Figure 3.



2-arachidonoyl-GroPCho in spite of the presence of highly
oxidizable substrate, 1-palmitoyl-2-arachidonoyl-GroPCho.
Thus, once attracted by PtdSer in the cytosol, cyt c is likely
activated to a peroxidase, which further catalyzes PtdSer oxi-
dation using H2O2 formed by disrupted respiratory chain as a
source of oxidizing equivalents.

DISCUSSION

In addition to its major commission as an electron transporter
between complexes III and IV in mitochondria, cyt c may
play an important role as an antioxidant by redox regulating
electron transport and scavenging erroneously generated su-
peroxide radicals (36,37). Moreover, as a heme-containing
protein, cyt c can fulfill another antioxidant function by act-
ing as a peroxidase to control the content of H2O2 generated
as a by-product of mitochondrial electron transport. The lat-
ter, however, requires sources of oxidizing equivalents
(H2O2) and activation of cyt c by anionic phospholipids, such
as PtdSer or cardiolipin in mitochondria (38–40).

We hypothesized that disruption of electron transport dur-
ing apoptosis and release of both cyt c and H2O2 in the cy-
tosol create conditions for interactions of cyt c with PtdSer in
the inner leaflet of plasma membrane, thus activating it as a
peroxidase (40). PtdSer is distributed nonrandomly in the
inner leaflet of plasma membrane but rather colocalizes with
sphingomyelin and cholesterol in lipid rafts where its con-
centration is four times higher than in the surrounding mem-
brane phospholipids (41). High affinity (Kd = 0.017 µM)

binding of cyt c to negatively charged phospholipids includ-
ing PtdSer via electrostatic (A-site) and hydrophobic interac-
tions (C-site) has been demonstrated (42–45). Moreover, C-
site-mediated binding of cyt c to negatively charged mem-
brane phospholipids induces disruption of Fe-Met80 heme
iron coordination bond, unfolding of native structure of cyt c,
and concomitant opening of heme crevice, which allows close
interaction of the heme with the lipid phosphate headgroup
(32). The conformational changes of cyt c dramatically en-
hanced its peroxidase activity, which was confirmed in the
present study. Remarkable increase of DCF formation was
only observed in the presence of dioleoyl-GroPSer contain-
ing liposomes, while dioleoyl-GroPCho or dipalmitoyl-
GroPSer exerted limited effects on peroxidase activity of cyt
c. The peroxidase activity was fully abolished in the presence
of anti-cyt c antibody, reconfirming that interaction of PtdSer
with cyt c was responsible for the peroxidase activity ob-
served. Most important, using a cell-free model system, we
found that catalytic activity of cyt c may be directed toward
the oxidation of PtdSer, a phospholipid that induced its per-
oxidase activity. This indicates that interaction of cyt c with
PtdSer during apoptosis can, indeed, be involved in selective
oxidation of the latter.

Here we demonstrated that ligation of anti-Fas antibody
with its cognate receptor initiates execution of apoptotic pro-
gram in A549 cells as evidenced by activation of caspase-3
and DNA fragmentation. Accumulation of cyt c in the cytosol
was detected as early as 2 h after treatment with CH-11, indi-
cating that Fas-induced apoptosis in A549 cells proceeds via
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FIG. 7. Typical negative-ion ESI-MS profiles of 1-palmitoyl-2-arachidonyl-GroPSer before and
after (inset) oxidation catalyzed by cyt c/H2O2. 1-Palmitoyl-2-arachidonyl-GroPSer or 1-palmi-
toyl-2-arachidonyl-GroPCho (1 mM) were incubated with cyt c (50 µM) in the presence of
H2O2 (100 µM of H2O2 was added every 15 min during 1-h incubation at 37°C). Lipids were
extracted and directly utilized for acquisition of negative-ion ESI mass spectra. The electro-
spray probe was operated at a voltage differential of –4.5 kV. 1-Palmitoyl-2-arachidonyl-
GroPSer, 1-palmitoyl-2-arachidonyl-3-glycero-phosphoserine; 1-palmitoyl-2-arachidonyl-
GroPCho, 1-palmitoyl-2-arachidonyl-3-glycero-phosphocholine; for other abbreviation see
Figure 3.



extrinsic type II pathway and includes mitochondrial signal-
ing. PtdSer was found to be preferentially oxidized after 3-h
incubation with CH-11. Strikingly, two more abundant mem-
brane phospholipids (PtdCho and PtdEtn), and the most abun-
dant cytosolic antioxidant, GSH, did not undergo any signifi-
cant Fas-induced oxidation. Z-VAD, a peptidyl fluo-
romethylketone that acts as a pan-caspase inhibitor, fully
blocked caspase-8 activation and all downstream events, in-
cluding cyt c release and PtdSer oxidation. Application of z-
DQMD, a specific caspase-3 inhibitor, completely suppressed
caspase-3 activity. Partial inhibition of caspase-8 by z-
DQMD implies that the activation of caspase-8 is partly due
to a positive feedback loop involving caspase-3 activation,
thus further supporting the type II mechanism of FAS-trig-
gered apoptosis in A549 cells. Interestingly, z-DQMD exerted
no significant effect on Fas-induced cytosolic cyt c accumu-
lation, implying that remaining caspase-8 activity was suffi-
cient to induce release of cyt c. Most important, z-DQMD
provided no protection against PtdSer oxidation. Since the
PnA-labeled phospholipids account for less than 1% of mem-
brane phospholipid unsaturated fatty-acid residues (25), it is
unlikely that membrane structure and characteristics are
changed by the presence of such a small amount of incorpo-
rated PnA. Collectively, these data strongly suggest that
PtdSer oxidation is specifically associated with apoptosis, and
PtdSer oxidation relies on accumulation of cyt c in the cytosol
(but does not depend on caspase-3 activation).

At neutral pH, cyt c bears a net positive charge of +8 and
binds avidly acid phospholipids including PtdSer, PtdIns,
phosphatidic acid (PtdOH), and cardiolipin. Thus, it is possi-
ble that other acid phospholipids, particularly cardiolipin,
PtdOH, and PtdIns, may also undergo oxidative modification
during cell apoptosis. It is likely that oxidation will be depen-
dent on their abundance at the sites of cyt c location during
apoptosis as well as on their affinity for cyt c. In the cytosolic
leaflet of plasma membrane, another major acidic phospho-
lipid, PtdIns, is also a potentially good oxidizable substrate
for peroxidase activity of cyt c released from mitochondria
during apoptosis. In line with this, we found that PtdIns
demonstrated a slightly enhanced oxidation during Fas-in-
duced apoptosis; the effect, however, did not reach the level
of statistical significance.

Cardiolipin, a polyunsaturated acidic phospholipid in the
inner mitochondrial membrane and intermembrane contact
sites, is known to bind several basic mitochondrial proteins
including cyt c. It has been suggested that oxidation of cardi-
olipin plays a role in permeabilization of mitochondria and
release of pro-apoptotic factors during apoptosis. However,
direct assessments of cardiolipin oxidation during apoptosis
are scarce and its redox catalytic mechanisms have not been
identified. Thus, it is important to establish potential involve-
ment of cyt c in cardiolipin oxidation in apoptotic cells. Un-
fortunately, the integration of PnA into cardiolipin was insuf-
ficient for accurate analysis of its oxidation. However, using
a newly developed HPTLC/fluorescence HPLC-based Am-
plex Red assay (31), we demonstrated that cardiolipin indeed

was oxidized during actinomycin D-induced apoptosis in
wild-type (cyt c+/+) mouse embryonic cells, but remained un-
oxidized in cyt c-deficient cells (cyt c–/–) (Kagan, V.E.,
Tyurin, V.A., Jiang, J., Tyurina, Y.Y., Ritov, V.B., Amoscato,
A.A., Osipov, A.N. Belikova, N., Kapralov, O.O., Borisenko,
G.G., Kini, V., and Lysytsya, A., unpublished data). This sug-
gests that a fraction of cardiolipin tightly bound to cyt c may
undergo peroxidation during early mitochondrial stages of
apoptosis (39).

There are several additional experimental findings that are
compatible with the hypothesis of cyt c-catalyzed PtdSer oxi-
dation. Our previous work has established that when HL-60
cells were gently sonicated in the presence of excess of cyt c
resulting in its integration into cells, preferential oxidation of
PtdSer (compared to other phospholipids) occurred upon ad-
dition of H2O2 (46). Furthermore, in a separate series of ex-
periments (38), we used a different approach to disrupt mito-
chondria and release cyt c into cytosol. It is based on utiliza-
tion of DP-1 peptide, a conjugate of protein transduction
domain PTD-5 and antibiotic peptide KLA [(KLAKLAK)2].
DP-1-induced cyt c release was accompanied by ROS pro-
duction and selective PtdSer oxidation in Jurkat cells.

Interestingly, another apoptosis-related protein, AIF, has
been shown to act as an important H2O2-regulating antioxi-
dant in mitochondria (47). Collapse of mitochondria reveals
the pro-apoptotic nature of cyt c released into the cytosol
where it interacts with Apaf-1 to cause caspase activation, the
function seemingly dissociated from its redox properties
(48,49). Our results demonstrate that redox activity of cyt c
may be essential for PtdSer oxidation and its subsequent ex-
ternalization during apoptosis. In our previous study, prefer-
ential oxidation of PtdSer during apoptosis has been shown
to play an essential role in PtdSer externalization and its sub-
sequent recognition by macrophages (8,9). Our MS analysis
of PtdSer oxidation by peroxidase activity of cyt c showed
that, in addition to its mono- and dihydroperoxides, several
different PtdSer oxidation products can be formed. Further
studies are necessary to characterize their specific roles as
recognition signals interacting with macrophage receptors di-
rectly or via bridging proteins [review Lauber et al. (50)]. 

In summary, the results obtained suggest that generation
of ROS in Fas-triggered apoptosis in A549 cells may play an
important role in apoptotic signaling via a PtdSer-dependent
pathway rather than represent a trivial and meaningless side
effect. It is likely that cyt c released from mitochondria cat-
alyzed selective PtdSer oxidation together with H2O2 from
disrupted mitochondrial electron transport.
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ABSTRACT: One of the possibilities for distinct actions of
c9,t11- and the t10,c12-conjugated linoleic acid (CLA) isomers
may be at the level of metabolism since the  conjugated diene
structure gives to CLA isomers and their metabolites a distinct pat-
tern of incorporation into the lipid fraction and metabolism. In
fact, CLA appears to undergo similar transformations as linoleic
acid but with subtle isomer differences, which may account for
their activity in lowering linoleic acid metabolites in those tissues
rich in neutral lipids where CLA is preferentially incorporated.
Furthermore, c9,t11 and t10,c12 isomers are metabolized at a
different rate in the peroxisomes, where the shortened metabolite
from t10,c12 is formed at a much higher proportion than the
metabolite from c9,t11. This may account for the lower accumu-
lation of t10,c12 isomer into cell lipids. CLA isomers may there-
fore be viewed as a “new” family of polyunsaturated fatty acids
(PUFA) producing a distinct range of metabolites using the same
enzymatic system as the other (i.e., n-3, n-6 and n-9) PUFA fami-
lies. It is likely that perturbation of PUFA metabolism by CLA will
have an impact on eicosanoid formation and metabolism, closely
linked to the biological activities attributed to CLA.

Paper no. L9618 in Lipids 39, 1143–1146 (November 2004). 

Conjugated linoleic acid (CLA) has received considerable at-
tention for the several biological activities shown in different
experimental conditions (1). Recently, studies have focused on
the activity of distinct CLA isomers (2). In particular, studies
have addressed the isomer c9,t11-CLA, which is the main iso-
mer found in milk and dairy products and the t10,c12-CLA iso-
mer, formed mainly through synthesis by alkalization of linoleic
acid. When CLA is synthetically formed through alkalization,
these two isomers are the most concentrated and are found in
approximately equal proportions. A mixture of these two iso-
mers is found in most CLA supplements available in the market
and consequently the most readily available for research. 

Several mechanisms of action have been proposed for the
biological activities of both isomers, but still there is not
agreement on these. The two isomers, t10,c12-CLA and

c9,t11-CLA, have different biological activities depending on
the experimental system. While both have been shown to
exert anticarcinogenic (3) and antiatherogenic activities (4), it
seems that reduction of body fat and reduced milk fat synthe-
sis is specific to t10,c12-CLA (2). One crucial question is
whether mechanisms exist by which both isomers exert some
similar activities but also have some distinct properties. One
of the possibilities for distinct actions of CLA isomers may be
at the level of metabolism whereby CLA appears to undergo
similar transformations as linoleic acid (LA) (5) (Fig. 1) but
with subtle isomer differences. In this regard, CLA isomers
may be viewed as a “new” family of PUFA producing a dis-
tinct range of metabolites using the same enzymatic system as
the other (i.e., n-3, n-6, and n-9) PUFA families (Fig. 1).

CLA METABOLISM

Since the first reports in 1996 of detection of CLA metabo-
lites on rats fed a partial hydrogenated oil (6) and in lamb
liver (7), further reports have added improved characteriza-
tion of CLA metabolites (8,9). In fact, a detailed cascade of
metabolism of the c9,t11 and t10,c12 isomers has been thor-
oughly described (8) and it seems that the two isomers show
some differences in their metabolism. While c9,t11 seems
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FIG. 1. Metabolism of ω-9, ω-3, ω-6, and CLA isomers.



well metabolized up to CD 20:4, the t10,c12 isomer appears
to be resistant to CD 20:3 and CD 20:4 formation (10). There
is no ready explanation for this, but it may be due to CD 18:3
formed from t10,c12 being resistant to elongation.

CLA and CLA metabolites differ from LA by distinct pat-
terns of incorporation into tissues (11). In fact, while CLA
isomers are mainly incorporated into neutral lipids (NL), with
the exception of CD 20:4, LA and its metabolites are mainly
distributed in phospholipids (PL) (11). It is well known that
an increasing number of cis double bonds favor the incorpo-
ration into PL rather than into NL. It is likely that the pres-
ence of a CD structure drives the preferential incorporation
into NL. Perhaps one extra double bond in CD 18:3 and CD
20:3 is not sufficient for their incorporation into PL. On the
other hand, CD 20:4 with two extra double bonds besides the
CD structure might allow the molecule to be incorporated into
PL. Therefore, the CD structure seems fundamental for tar-
geting to a particular lipid fraction in cells.

Metabolism of CLA has been characterized in rats and
may be similar in different species including humans. In a re-
cent trial on diabetic patients described in a study by Belury
et al. (12) we measured CLA isomers and metabolites in
plasma total lipids (Belury et al., unpublished data). We de-
tected CD 18:3 and CD 20:3. Again, as described in rats (10)
and humans (unpublished data), t10,c12 yielded CD 18:3 de-
rived from ∆6 desaturation, but no CD 20:3 derived from this
isomer was detected. In contrast, CD 18:3 from ∆6 desatura-
tion of c9,t11 CLA accumulated to a lesser extent, but CD
20:3 was formed at higher concentrations. Only a few studies
have reported the detection of CD 20:4 in animal or human
tissues or serum, and in all cases this was when LA was low
in the diet.

CLA COMPETITION WITH LINOLEIC ACID

In experimental diets used for rats, the level of LA is usually
derived from corn oil and is relatively high (2.5–3% as a pro-
portion of the diet by weight). Usually, the amount of CLA
used in different experimental models ranges from 0.5 to 2%
because it has been shown that this is also the range where
CLA exerts its biological activities (1). Consequently, the
ratio of LA to CLA ranges from 5:1 to 1.5:1. In humans it has
been estimated that LA intake is about 10–20 g/d (13). The
amount of CLA used in different experimental trials ranges
from 1.5 to 6 g/d with a ratio of LA to CLA ranging from
7–14:1 to 1.5–3:1 and an average amount used in most trials
of 3 g/d. This average level provides a ratio of approximately
3–6:1, therefore, translating to a similar range found in ex-
perimental animal studies.

Based on the similarity of the ratio of LA to CLA used in
human and animal studies, it is not surprising that CLA me-
tabolism in rats and humans appears to to be similar. When
LA was low or absent from the diet, as in the case of rats
reared on a free fat diet before the CLA treatment by gavage,
high levels of CD 20:4 were detected (8). CD 20:4 was also
detected in liver of rats fed butterfat, which is low in LA, ir-

respective of CLA concentration (11). It is clear that the ratio
between LA and CLA is important for the detection of CD
20:4. With regard to other metabolites of CLA, there seems
to be little, if any, dependence on the LA content of the diet.
Currently, no data are available as to whether α-linolenic acid
is also able to compete with CLA. An important point con-
cerning the metabolism of CLA is to understand whether
competition of CLA isomers with other PUFA is at the level
of formation or incorporation. It is likely that competition
may occur by both ways. Probably, in the liver it is more
likely at the level of the formation of metabolites. In contrast,
competition of CLA with other PUFA in extrahepatic tissues
may occur more at the level of incorporation. It has been
shown, for example, that in those tissues rich in neutral lipids,
such as adipose and mammary tissues, CLA was able, in a
dose-dependent manner, to decrease the concentration of LA
metabolites; this was not true in the liver (14), where CD 20:4
was not detected. It is therefore possible that regulation of the
formation of CD 20:4 is more likely to be due to competition
in formation, whereas a decrease of LA metabolites is due to
competition at the level of lipid incorporation.

CATABOLISM OF CLA BY PARTIAL β-OXIDATION IN
PEROXISOMES

It is well known that several FA may undergo partial β-oxi-
dation in peroxisomes. Most of them are unusual FA such as
eicosanoids (15–17), isoprostanes (18), and branched FA
(19). However, it has been shown that arachidonic acid is also
β-oxidized in peroxisomes (20), and the biosynthesis of DHA
requires a step in peroxisomal oxidation (21). 

Therefore, it seems that peroxisomes are quite active in FA
metabolism. Furthermore, it is believed that FA that are able
to upregulate the enzymes involved in peroxisomal β-oxida-
tion are also good ligands of peroxisome proliferators-acti-
vated receptor (PPAR)-α (17). In addition, peroxisomal β-ox-
idation activity was also increased in livers of partially hy-
drogenated fish oil-fed rats (22). In this case, both cis and
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FIG. 2. Scheme of formation of partial β-oxidation products of CLA iso-
mers and their metabolites.



trans isomers of 22:1 have been imputed to upregulate perox-
isomal β-oxidation even though other components in dietary
oils, different from 22:1 cis and trans FA, may be responsible
for this effect (23). It is highly likely that partially hydro-
genated fish oil may contain CLA (24). We have shown re-
cently that naturally occurring CLA yields CD 16:2 probably
from partial β-oxidation in peroxisomes (25) (Fig. 2). Fur-
thermore, it has also been shown that t10,c12 gives rise to CD
16:2 (10). When we incubated human skin fibroblast, as de-
scribed previously (25), with a mixture of the two isomers we
found that both isomers yield CD 16:2, identified as c7,t9 CD
16:2 and t8,c10 CD 16:2, respectively, by HPLC (9). Interest-
ingly, most of the CD 16:2 formed (about 70%) was found in
the medium.

Further studies are in progress to find out why only 30% is
incorporated into cells. As indirect evidence of an involve-
ment of peroxisomes in the partial β-oxidation of CLA, we
incubated human skin fibroblasts from adrenoleukodistrophy
(ALD) patients with CLA. As can be seen in Figure 3, the CD
16:2 level was much lower than that found in control human
skin fibroblasts.

We also checked whether CD 16:2 was formed in humans
in vivo. In a pilot trial (12) where subjects with type 2 dia-
betes mellitus were supplemented with 6 g/d of a CLA mix-
ture, we detected CD 16:2 from both isomers; however, CD
16:2 from t10,c12 was more abundant Fig. 4), reflecting the
data obtained in vitro with skin fibroblasts. Therefore, it
seems that in experimental animals or humans, both isomers
are efficiently partially β-oxidized probably in peroxisomes
in vivo and in vitro. More studies are needed to find out
whether the metabolism of CLA is directly linked to its activ-
ity as a ligand of PPAR-α. It has been actually found that
CLA is able to upregulate acyl CoA oxidase, the key enzyme
of peroxisomal β-oxidation (26). If this link is definitely
proven, CD 16:2 could be used as a marker of PPAR-α acti-
vation.

In summary, in the last 10 years research on CLA has
grown exponentially. While studies on experimental animals
have been shown to be very promising in terms of health ben-
efits, the following studies on humans have been somewhat
disappointing because they did not give the results expected.
Among the many confounding factors that should be consid-
ered is the overall diet and, in particular, consumption of other
PUFA. We and others have reported clear evidence that in-
corporation and metabolism of isomers of CLA is responsive
to dietary composition and dietary habits. It is likely that
changes in dietary PUFA will result in perturbation of overall
PUFA metabolism, which will have an impact on incorpora-
tion, metabolism, the formation of eicosanoids, and ulti-
mately the cellular events involved in signal transduction and
gene expression, all of which are known to be attributed to
CLA. The partial β-oxidation of CLA may also imply that
CLA acts in peroxisomal metabolism that is modulated by
PPAR-α.

Differences in yields of peroxisomal β-oxidation between
t10,c12 and c9,t11 might be responsible, at least in part, for
the differences observed in some biological systems between
the effects of these two isomers. Further studies are needed to
fill the gaps between CLA metabolism and eicosanoid forma-
tion and to verify whether different dietary fats are able to
modulate CLA activity. These pieces of information could
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FIG. 3. Metabolism of CLA isomers t10,c12 and c9,t11 in human skin
fibroblasts from control subjects (contr) and adrenoleukodistrophy pa-
tients (ALD1). Cell cultures were grown in minimum essential medium
(MEM) containing 10% fetal calf serum (FCS), nonessential amino acids,
tricine, penicillin/streptomycin, and maintained at 37°C, in 95% air and
5% CO2. In the experiments ALD and control fibroblasts were used at
the same passages, at confluence; 100 µM of CLA mixture of t10,c12
and c9,t11CLA (90% purity; Natural ASA, Hovdebygda, Norway) was
dissolved in FCS according to Spector et al. (27), added to MEM, and
supplemented to the cells for 18 h at 37°C, in 95% air and 5% CO2. At
the end of the incubation time the cells were washed with PBS and
scraped off (25). Perox ox = total CD 16:2 (CD 16:2 found incorporated
into cells + CD 16:2 found in the medium after incubation); acc = ac-
cumulation of CLA (CLA found incorporated into cells); mito ox = CLA
oxidized in mitochondria [CLA present in the medium before incuba-
tion – (CLA found incorporated into cells + CLA found in the medium
after incubation + total CD 16:2).

FIG. 4. CD 16:2 isomers in plasma of type 2 diabetes mellitus patients
with a CLA daily intake of 6 g for 8 wk as described in the study by
Belury et al. (12).



then serve as a foundation for designing human trials in order
to find whether CLA exerts its biological activity in humans
to improve human health. 

ACKNOWLEDGMENTS

This work was supported by a grant from EU Project No. QLK1-
2002-02362. The authors thank Mr. Giacomo Satta for technical as-
sistance.

REFERENCES

1. Belury, M.A. (2002) Dietary Conjugated Linoleic Acid in
Health: Physiological Effects and Mechanisms of Action [Re-
view], Annu. Rev. Nutr. 22, 505–531.

2. Pariza, M.W., Park, Y., and Cook, M.E. (2001) The Biologically
Active Isomers of Conjugated Linoleic Acid [Review], Prog.
Lipid Res. 40, 283–298.

3. Ip, C., Dong, Y., Ip, M.M., Banni, S., Carta, G., Angioni, E.,
Murru, E., Spada, S., Melis, M.P., and Saebo, A. (2002) Conju-
gated Linoleic Acid Isomers and Mammary Cancer Prevention,
Nutr. Cancer 43, 52–58.

4. Kritchevsky, D. (2003) Conjugated Linoleic Acid in Experimen-
tal Atherosclerosis, in Advances in Conjugated Linoleic Acid
Research (Sébédio, J.-L., Christie, W.W., and Adlof, R., eds.),
Vol. 2, pp. 292–301, AOCS Press, Champaign, IL.

5. Banni, S. (2002) Conjugated Linoleic Acid Metabolism [Re-
view], Curr. Opin. Lipidol. 13, 261–266.

6. Banni, S., Day, B.W., Evans, R.W., Corongiu, F.P., and Lom-
bardi, B. (1995) Detection of Conjugated Diene Isomers of
Linoleic Acid in Liver Lipids of Rats Fed a Choline-Devoid Diet
Indicates that the Diet Does Not Cause Lipoperoxidation, J.
Nutr. Biochem. 6, 281–289.

7. Banni, S., Carta, G., Contini, M.S., Angioni, E., Deiana, M.,
Dessi, M.A., Melis, M.P., and Corongiu, F.P. (1996) Character-
ization of Conjugated Diene Fatty Acids in Milk, Dairy Prod-
ucts, and Lamb Tissues, J. Nutr. Biochem. 7, 150–155.

8. Sebedio, J.L., Juaneda, P., Dobson, G., Ramilison, I., Martin,
J.C., Chardigny, J.M., and Christie, W.W. (1997) Metabolites
of Conjugated Isomers of Linoleic Acid (CLA) in the Rat,
Biochim. Biophys. Acta 1345, 5–10.

9. Melis, M.P., Angioni, E., Carta, G., Murru, E., Scanu, P., Spada,
S., and Banni, S. (2001) Characterization of Conjugated
Linoleic Acid and Its Metabolites by RP-HPLC with Diode
Array Detector, Eur. J. Lipid Sci. Technol. 103, 617–621.

10. Sébédio, J.L., Angioni, E., Chardigny, J.M., Gregoire, S.,
Juaneda, P., and Berdeaux, O. (2001) The Effect of Conjugated
Linoleic Acid Isomers on Fatty Acid Profiles of Liver and Adi-
pose Tissues and Their Conversion to Isomers of 16:2 and 18:3
Conjugated Fatty Acids in Rats, Lipids 36, 575–582.

11. Banni, S., Carta, G., Angioni, E., Murru, E., Scanu, P., Melis,
M.P., Bauman, D.E., Fischer, S.M., and Ip, C. (2001) Distribu-
tion of Conjugated Linoleic Acid and Metabolites in Different
Lipid Fractions in the Rat Liver, J. Lipid Res. 42, 1056–1061.

12. Belury, M.A., Mahon, A., and Banni, S. (2003) The Conjugated
Linoleic Acid (CLA) Isomer, t10c12-CLA, Is Inversely Associ-
ated with Changes in Body Weight and Serum Leptin in Sub-
jects with Type 2 Diabetes Mellitus, J. Nutr. 133, 257S–260S.

13. Zhou, L., and Nilsson, A. (2001) Sources of Eicosanoid Precur-
sor Fatty Acid Pools in Tissue, J. Lipid Res. 42, 1521–1542.

14. Banni, S., Angioni, E., Casu, V., Melis, M.P., Carta, G., Coro-
ngiu, F.P., Thompson, H., and Ip, C. (1999) Decrease in Linoleic

Acid Metabolites as a Potential Mechanism in Cancer Risk Re-
duction by Conjugated Linoleic Acid, Carcinogenesis 20,
1019–1024.

15. Gordon, J.A., Figard, P.H., and Spector, A.A. (1990) Hydroxy-
eicosatetraenoic Acid Metabolism in Cultured Human Skin Fi-
broblasts: Evidence for Peroxisomal β-Oxidation, J. Clin. In-
vest. 85, 1173–1181.

16. Hadjiagapiou, C., Travers, J.B., Fertel, R.H., and Sprecher, H.
(1990) Metabolism of 15-Hydroxy-5,8,11,13-Eicosatetraenoic
Acid by MOLT-4 Cells and Blood T-Lymphocytes, J. Biol.
Chem. 265, 4369–4373.

17. Reddy, J.K., and Hashimoto, T. (2001) Peroxisomal Beta-Oxi-
dation and Peroxisome Proliferator-Activated Receptor α: An
Adaptive Metabolic System [Review], Annu. Rev. Nutr. 21,
193–230.

18. Chiabrando, C., Valagussa, A., Rivalta, C., Durand, T., Guy, A.,
Zuccato, E., Villa, P., Rossi, J.C., and Fanelli, R. (1999) Identi-
fication and Measurement of Endogenous β-Oxidation Metabo-
lites of 8-Epi-Prostaglandin F2 α, J. Biol. Chem. 274,
1313–1319.

19. Singh, H., Beckman, K., and Poulos, A. (1994) Peroxisomal β-
Oxidation of Branched Chain Fatty Acids in Rat Liver—Evi-
dence that Carnitine Palmitoyltransferase-I Prevents Transport
of Branched Chain Fatty Acids into Mitochondria, J. Biol.
Chem. 269, 9514–9520.

20. Gordon, J.A., Heller, S.K., Kaduce, T.L., and Spector, A.A.
(1994) Formation and Release of a Peroxisome-Dependent
Arachidonic Acid Metabolite by Human Skin Fibroblasts, J.
Biol. Chem. 269, 4103–4109.

21. Moore, S.A., Hurt, E., Yoder, E., Sprecher, H., and Spector,
A.A. (1995) Docosahexaenoic Acid Synthesis in Human Skin
Fibroblasts Involves Peroxisomal Retroconversion of Tetracosa-
hexaenoic Acid, J. Lipid Res. 36, 2433–2443.

22. Berge, R.K., Flatmark, T., and Christiansen, E.N. (1987) Effect
of a High-Fat Diet with Partially Hydrogenated Fish Oil on
Long-Chain Fatty Acid Metabolizing Enzymes in Subcellular
Fractions of Rat Liver, Arch. Biochem. Biophys. 252, 269–276.

23. Flatmark, T., Nilsson, A., Kvannes, J., Eikhom, T.S., Fukami,
M.H., Kryvi, H., and Christiansen, E.N. (1988) On the Mecha-
nism of Induction of the Enzyme Systems for Peroxisomal β-
Oxidation of Fatty Acids in Rat Liver by Diets Rich in Partially
Hydrogenated Fish Oil, Biochim. Biophys. Acta 962, 122–130.

24. Banni, S., Day, B.W., Evans, R.W., Corongiu, F.P., and Lom-
bardi, B. (1994) Liquid Chromatographic Mass Spectrometric
Analysis of Conjugated Diene Fatty Acids in a Partially Hydro-
genated Fat, J. Am. Oil Chem. Soc. 71, 1321–1325.

25. Banni, S., Petroni, A., Blasevich, M., Carta, G., Angioni, E.,
Murru, E., Day, B.W., Melis, M.P., Spada, S., and Ip, C. (2004)
Detection of Conjugated C16 PUFAs in Rat Tissues as Possible
Partial β-Oxidation Products of Naturally Occurring Conjugated
Linoleic Acid and Its Metabolites, Biochim. Biophys. Acta 1682,
120–127.

26. Belury, M.A., Moya-Camarena, S.Y., Liu, K.L., and Vanden
Heuvel, J.P. (1997) Dietary Conjugated Linoleic Acid Induces
Peroxisome-Specific Enzyme Accumulation and Ornithine De-
carboxylase Activity in Mouse Liver, J. Nutr. Biochem. 8,
579–584.

27. Spector, A.A., Hoak, J.C., Fry, G.L., Denning, G.M., Stoll, L.L.,
and Smith, J.B. (1980) Effect of Fatty Acid Modification on
Prostacyclin Production by Cultured Human Endothelial Cells,
J. Clin. Invest. 65, 1003–1012.

[Received September 21, 2004, accepted November 20, 2004]

1146 S. BANNI ET AL.

Lipids, Vol. 39, no. 11 (2004)

 



ABSTRACT: Excessive or inappropriate inflammation and im-
munosuppression are components of the response to surgery,
trauma, injury, and infection in some individuals and these can
lead, progressively, to sepsis and septic shock. The hyperinflam-
mation is characterized by the production of inflammatory cytokines,
arachidonic acid-derived eicosanoids, and other inflammatory
mediators, while the immunosuppression is characterized by
impairment of antigen presentation and of T helper cell type-1 re-
sponses. Long-chain n-3 FA from fish oil decrease the production
of inflammatory cytokines and eicosanoids. They act both directly
(by replacing arachidonic acid as an eicosanoid substrate and by
inhibiting arachidonic acid metabolism) and indirectly (by altering
the expression of inflammatory genes through effects on transcrip-
tion factor activation). Thus, long-chain n-3 FA are potentially
useful anti-inflammatory agents and may be of benefit in patients
at risk of developing sepsis. As such, an emerging application of
n-3 FA is in surgical or critically ill patients where they may be
added to parenteral or enteral formulas. Parenteral or enteral nutri-
tion including n-3 FA appears to preserve immune function better
than standard formulas and appears to partly prevent some aspects
of the inflammatory response. Studies to date are suggestive of
clinical benefits from these approaches, especially in postsurgi-
cal patients.

Paper no. L9565 in Lipids 39, 1147–1161 (December 2004).

SEPTIC SYNDROMES

The systemic inflammatory response syndrome is the name
given to the uncontrolled inflammatory response to insult or
injury involving excessive production of inflammatory cy-
tokines such as tumor necrosis factor (TNF)-α, interleukin
(IL)-1β, IL-6, and IL-8 (1,2). Sepsis has been defined as “the
systemic inflammatory response syndrome that occurs during
infection” (1). Sepsis is the leading cause of death in critically
ill patients in Western countries. Using records from 1995 for
state hospitals in the United States it was estimated that there
were more than 750,000 cases of sepsis with a 28.6% mortal-

ity rate (215,000 deaths) and a total cost of almost US$17 bil-
lion (3). Death from septic shock is the result of multiple
organ failures and represents the extreme end of a continuum
of events of increasing severity and decreasing likelihood of
survival (4,5; Fig. 1). The systemic inflammatory response
syndrome, sepsis, and septic shock may together be termed
as “septic syndromes.”

The involvement of inflammatory cytokines in septic syn-
dromes has been long recognized and Vervloet et al. (6) wrote
“these mediators [i.e., inflammatory cytokines] are largely, if
not completely, responsible for the clinical signs and symp-
toms of the septic response to bacterial infection.” In support
of this idea, patients with sepsis were found to have markedly
elevated circulating concentrations of TNF-α, TNF receptor
1, IL-1β, IL-1 receptor antagonist (IL-1ra), and IL-6, and
those patients with the highest concentrations were more
likely to die (6–9). In addition, circulating white cells from
septic patients exhibited high levels of activated nuclear fac-
tor kappa B (NFκB), a transcription factor that promotes the
expression of numerous genes associated with inflammation,
and again levels of activated NFκB were higher in those pa-
tients who went on to die (9). Animal studies also support a
role for inflammatory cytokines in the septic response. These
studies have often used bacterial endotoxin (also called
lipopolysaccharide) as a surrogate for infection, although en-
dotoxin is a fragment of the gram-negative bacterial cell wall
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FIG. 1. The progression to septic shock and the risk of mortality at the
different stages. bpm, beats per minute; SIRS, systemic inflammatory re-
sponse syndrome.



and not a viable organism. Mice injected with endotoxin ex-
hibit high circulating concentrations of TNF-α, IL-1β, IL-6,
and IL-8, and survival of these animals can be improved by
administering anti-cytokine antibodies (10,11), cytokine re-
ceptor antagonists (12), or anti-inflammatory cytokines such
as IL-10 (13), or by knocking out the TNF-α receptor (14).
Despite this evidence, it is important to note that some stud-
ies report that many septic patients do not show detectable or
elevated circulating concentrations of TNF-α or IL-1β
(15–18). Furthermore, it appears that inflammatory cytokines
do play a beneficial role in sepsis. For example, in some ani-
mal models, blocking TNF-α increases mortality (19–21),
while a TNF-α antagonist increased mortality in a clinical
trial (22). Thus, the situation regarding the pathological role
of inflammatory cytokines in sepsis is unclear; it may be that a
little is beneficial but that excess is harmful and that complete
blocking negates the beneficial effects. Another consideration
is that there may be large between-individual differences in the
generation of inflammatory cytokines, in the sensitivity to the
harmful effects of these cytokines, and in the effects of block-
ing these cytokines. Thus, there may be significant variation in
the susceptibility of individuals to exhibit the systemic inflam-
matory response syndrome and to progress toward septic
shock. This may partly relate to the extent and site of the initial
injury, partly to the nature and site of the infection, if any, and
partly to aspects of the patient’s well-being prior to receiving
the injury (e.g., nutritional state). It is now recognized that ge-
netics may also play a role. In fact there are likely to be genetic
variations in many aspects of the septic response to infection
and injury. These most likely relate to adaptations of various
population groups to withstand infection and injury in different
ecological settings. In the context of this article, genetic varia-
tions in the propensity to produce inflammatory cytokines are
of relevance. It is now recognized that there are single base
variations in genes or in their promoter regions called single
nucleotide polymorphisms or SNPs (pronounced “snips”). 

SNPs have been described for TNF-α, TNF-β, IL-1β, IL-6,
IL-10, TNF receptors, IL-1 receptors, IL-1ra, and for many
other genes involved in the septic response (23). These SNPs
are of functional significance since they partly determine the
extent of expression of the gene once it is activated (23). Thus
TNF-α production by monocytes in response to endotoxin is
higher in individuals who have a G rather than an A at –308
in the TNF-α gene promoter region (24). Intriguingly, TNF-α
production is also affected by a polymorphism in the TNF-β
gene: TNF-α production by monocytes in response to endo-
toxin was higher if there was an A at +252 in the TNF-β gene
than if there was a G (25). Genotypes affecting TNF-α produc-
tion appear to be of relevance with respect to sepsis mortality.
For example, possession of a G at –308 in the TNF-α gene was
found in 39% of patients with septic shock compared with 18%
of controls, and among patients with septic shock this polymor-
phism was significantly more common among patients who
died (52% vs. 24% among survivors) (26). In controlling for
age, it was identified that, for the same clinical score, patients
with a G at –308 of the TNF-α gene had a 3.7-fold higher risk

of death than those without a G (26). In another study, patients
with sepsis who were homozygous for A at +252 in the TNF-
β gene displayed significantly higher plasma TNF-α concen-
trations than heterozygotes or homozygotes for G, and they
showed 88% mortality compared with 37% for heterozygotes
and 25% for G homozygotes (27). In a more recent study,
postoperative patients who were homozygous for A at +252
in the TNF-β gene had a 1.5-fold higher risk of developing
severe complications than heterozygotes (28). Furthermore,
among the patients who developed sepsis, those who were ho-
mozygous for A at +252 in the TNF-β gene were more likely
to die (71 vs. 20% for heterozygotes and 0% for homozygotes
for G) (28). These findings raise the possibility of being able
to identify patients at high risk of complications and mortal-
ity on the basis of genetic polymorphisms. 

Although there has been much focus on the potential detri-
mental role of inflammatory cytokines in sepsis, other media-
tors including arachidonic acid-derived eicosanoids, reactive
oxygen species, nitric oxide, and adhesion molecules are in-
volved in the pathological processes that accompany critical
illness. Prostaglandin (PG) E2 is implicated in sepsis, burns,
and critical illness (29,30), while leukotriene (LT) B4 and ox-
idants released by neutrophils are involved in acute respira-
tory distress syndrome [see Kollef and Schuster (31)].

In addition to hyperinflammation, patients with sepsis also
display immunosuppression (32–34). There are reports that
septic patients have high circulating concentrations of the anti-
inflammatory cytokine IL-10 and that these are strongly corre-
lated with mortality (35,36). Note that this is contrary to the
predicted effect of IL-10 since this cytokine down-regulates
TNF-α production and its early administration is protective in
murine endotoxemia (37–39). However, the apparently harm-
ful effect of IL-10 may relate to the timing of its production.
Lymphocytes from patients with burns or trauma produce low
levels of the T helper (Th) 1-type cytokines [e.g., interferon
(IFN)-γ] associated with host defense against bacteria and
viruses but high levels of the Th2- and Treg-type cytokines
(IL-4, IL-10) associated with inhibition of host defense against
bacteria and viruses (33,35). There also appears to be de-
creased monocyte expression of human leukocyte antigens
(HLA) (40–43), the proteins involved in antigen presentation
to T cells, and this is associated with impaired ability of mono-
cytes to stimulate T cells (43). Interestingly, IL-10 downregu-
lates both Th1-type cytokine production and HLA expression
(44,45), and this might be the origin of the harmful effect of
this cytokine in septic patients. Recent studies have revealed
impaired proliferative or secretory functions of T cells from
patients with sepsis, trauma, or burns (46,47). 

The traditional view is that the immunosuppressed phase
of septic syndromes lags behind the hyperinflammatory phase
(Fig. 2); that is, initially sepsis is characterized by increased
generation of inflammatory mediators (the systemic inflam-
matory response syndrome), but as it persists there is a shift
toward an anti-inflammatory, immunosuppressed state some-
times called the compensatory anti-inflammatory response
syndrome. However, some recent studies challenge this and
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suggest that the hyperinflammatory and immunosuppressed
states coexist. Some authors report that immunosuppression is
present at the onset of sepsis (46,48,49), rather than being a later
compensatory response. For example, Tschaikowsky et al. (49)
identified that significantly decreased monocyte expression of
HLA-DR was evident at the onset of severe sepsis in postsurgi-
cal patients; in survivors there was some recovery of expression
but in nonsurvivors there was a further decrease or even a per-
manent suppression of HLA-DR expression. These authors
identified that the timing of the peak of the systemic inflamma-
tory reaction (identified as the time of maximum C-reactive pro-
tein concentration) coincided with the timing of the lowest
monocyte expression of HLA-DR. From this they concluded
that decreases in monocyte HLA-DR expression occur simul-
taneously with “signs of hyperinflammation” and as early as
the onset of severe sepsis (49).

Thus, it appears that immune cells and cytokines have both
detrimental and protective roles in patients as they move
through the stages of sepsis. However, the traditional view
that hyperinflammation precedes immunosuppression, as
shown in Figure 2, may be a simplification of the real situa-
tion, and this increases the challenge to finding interventions
that might benefit high-risk patients.

POTENTIAL RELEVANCE OF N-6 AND N-3 FA TO IM-
MUNOINFLAMMATORY RESPONSES

Human immune and inflammatory cells are rich in polyunsat-
urated FA (PUFA), especially arachidonic acid (20:4n-6) [see
Calder (50)]. Classically the influence of PUFA on immunity
and inflammation has been viewed as relating to their influ-
ence on eicosanoid generation (51–54). Arachidonic acid is
the principal substrate for cyclooxygenase (COX) and lipoxy-
genase (LOX) enzymes giving rise to 2-series PG and throm-
boxanes (TX) or 5-hydroxyeicosatetraenoic acids (HETE)
and 4-series LT, respectively. These mediators have cell- and
stimulus-specific sources and frequently have opposing ef-
fects (Table 1). For example, PGE2 is produced mainly by
monocytes, macrophages, and, to a lesser extent, neutrophils
and inhibits the production of TNF-α and IL-1β [see Miles et
al. (55) and references therein; 56,57] and IL-12 (57,58), while
LTB4 is produced mainly by neutrophils, other granulocytes,
and, to a lesser extent, monocytes and macrophages and in-
creases the production of TNF-α and IL-1β [see Rola-Pleszczyn-
ski et al. (59) and references therein]. Thus, the overall physio-
logical (or pathophysiological) outcome will depend upon the
cells present, the nature of the stimulus, the timing of eicosanoid
generation, the concentrations of different eicosanoids generated,
and the sensitivity of target cells and tissues to the eicosanoids
generated. Recent studies have demonstrated that PGE2 induces
COX-2 in fibroblasts cells and so upregulates its own production
(60), induces production of IL-6 by macrophages (60), inhibits 5-
LOX and so decreases production of 4-series LT (61), and induces
15-LOX so promoting the formation of lipoxins (61,62) that have
been found to have anti-inflammatory effects (63,64). Thus,
PGE2 possesses both pro- and anti-inflammatory actions. PGE2
also inhibits T-cell proliferation [see Calder et al. (65) and refer-
ences therein] and the production of Th1-type cytokines espe-
cially IFN-γ [see Miles et al. (66) and references therein; 56].

It is frequently considered that the effects of arachidonic
acid are solely related to its role as an eicosanoid precursor.
Cell culture studies have shown that arachidonic acid acti-
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FIG. 2. Hypothetical biphasic immunoinflammatory response to a trau-
matic insult. IL, interleukin; TGF, transforming growth factor; TNF,
tumor necrosis factor.

TABLE 1
Some Immunoinflammatory Effects of PGE2 and LTB4

a

PGE2 LTB4

Proinflammation Proinflammation
Induces fever Increases vascular permeability
Increases vascular permeability Enhances local blood flow
Increases vasodilatation Chemotactic agent for leukocytes
Causes pain Induces release of lysosomal enzymes
Enhances pain caused by other agents Induces release of reactive oxygen species by granulocytes

Increases production of TNF, IL-1, and IL-6
Anti-inflammation

Inhibits production of TNF and IL-1
Inhibits 5-LOX
Induces lipoxin production

Immunosuppression
Inhibits production of IL-2 and IFN-γ
Inhibits lymphocyte proliferation

aPG, prostaglandin; LT, leukotriene; TNF, tumor necrosis factor; IL, interleukin; LOX, lipoxygenase.



vates NFκB in a monocytic cell line (67), and induces TNF-α,
IL-1α and IL-1β in osteoblasts (68), IL-6 in macrophages
(60) and osteoblasts (69), and COX-2 in fibroblasts (60), and
it appears that these effects are exerted directly by arachi-
donic acid rather than by an eicosanoid metabolite. What is
evident from these studies is that arachidonic acid may be
able to regulate inflammatory mediator production in its own
right and, if so, that it has effects that are sometimes the op-
posite of those of PGE2, for example, with respect to TNF-α
production. 

A series of cell culture-based studies with human endothe-
lial cells has suggested that another n-6 FA, linoleic acid
(18:2n-6), may also play a role in inflammation through acti-
vation of NFκB and increased production of TNF-α, IL-6,
and other inflammatory mediators (70–76).

Increased consumption of long-chain n-3 PUFA, usually
as components of fish oil, by humans results in increased
amounts of EPA (20:5n-3) and DHA (22:6n-3) in cells in-
volved in immunity and inflammation [see Calder (50)]. The
incorporation of these FA from the diet into immune/inflam-
matory cells of humans is near-maximal within a few weeks
(77,78) and occurs in a dose-dependent manner (79). Incor-
poration of EPA and DHA into human cells is partly at the ex-
pense of arachidonic acid [see Calder (50)], and the functional
significance of this is that it decreases the amount of arachi-
donic acid available as a substrate for eicosanoid synthesis.
Thus, fish oil supplementation of the human diet has been
shown to result in decreased production of PGE2 (80–83),
TXB2 (82), LTB4 and 5-HETE (84,85), and LTE4 (86) by in-
flammatory cells. However, the mechanism of the effect of
long-chain n-3 FA on eicosanoid generation extends beyond
simply decreasing the amount of arachidonic acid substrate.
For example, EPA competitively inhibits metabolism of
arachidonic acid by COX (87–89) and 5-LOX (87,90). In
vitro studies also report that DHA can inhibit COX activity
(91,92) but not that of 5-LOX (90,92). Interestingly, however,
both EPA and DHA suppressed cytokine-induction of COX-2
and 5-LOX gene expression in cultured bovine chondrocytes and
in human osteoarthritic cartilage explants (93,94). By inhibiting
COX and LOX activities and by suppressing the up-regulation
of the genes for these enzymes in response to inflammatory stim-
uli, long-chain n-3 FA act to oppose generation of eicosanoids
from arachidonic acid. The final element of the effects of long-
chain n-3 FA on eicosanoid production is the ability of EPA to
act as a substrate for COX and LOX enzymes, so giving rise to a
different family of eicosanoids: the 3-series PG and TX, the 5-
series LT, and the hydroxyeicosapentaenoic acids (HEPE).
EPA, which appears to be a good substrate for 5-LOX
(86,90), is also a substrate for COX enzymes (95,96). Thus,
fish oil supplementation of the human diet has been shown to
result in increased production of LTB5, LTE5, and 5-HEPE by
inflammatory cells (84–86), although generation of PGE3 has
been more difficult to demonstrate (97). The functional sig-
nificance of this is that the mediators formed from EPA are
believed to be less potent than those formed from arachidonic
acid. For example, LTB5 is 10- to 100-fold less potent as a

neutrophil chemotactic agent than LTB4 (98,99). Recent stud-
ies have compared the effects of PGE2 and PGE3 on produc-
tion of cytokines by cell lines and by human cells. Bagga et
al. (60) reported that PGE3 was a less potent inducer of COX-
2 gene expression in fibroblasts and of IL-6 production by
macrophages. PGE2 and PGE3 had equivalent inhibitory ef-
fects upon production of TNF-α (55,56) and IL-1β (55) by
human mononuclear cells stimulated with endotoxin and
upon production of IFN-γ production by mononuclear cells
stimulated with mitogen (56,66). However, IL-2 production
appeared to be less sensitive to PGE3 than PGE2 (66). 

Studies using the isolated, perfused rabbit lung have identi-
fied contrasting effects of arachidonic acid- and EPA-derived
eicosanoids. Infusion of Escherichia coli hemolysin caused
hypertension mediated by TXB2 and increased vascular leak-
age mediated by 4-series LT (100). Inclusion of arachidonic
acid in the perfusate increased TXB2 and 4-series LT genera-
tion, arterial pressure, and vascular leakage (100,101). In con-
trast, inclusion of EPA in the perfusate decreased TXB2 and
4-series LT generation, decreased arterial pressure and vascu-
lar leakage, and increased generation of TXB3 and 5-series LT
(100). Perfusion with fish oil attenuated the hypertension in-
duced by calcium ionophore (102). Compared with soybean
oil infusion, fish oil decreased the concentration of LTC4 by
50% and increased the concentration of LTC5 from barely de-
tectable to very similar to that of LTC4 (102).

In addition to long-chain n-3 FA modulating the genera-
tion of eicosanoids from arachidonic acid and to EPA acting
as substrate for the generation of alternative eicosanoids, re-
cent studies have identified a novel group of mediators,
termed E-series resolvins, formed from EPA by COX-2 that
appear to exert anti-inflammatory actions (103–105). In addi-
tion, DHA-derived mediators termed D-series resolvins, do-
cosatrienes, and neuroprotectins also produced by COX-2
have been identified, and these too appear to be anti-inflam-
matory (106–108). This is an exciting new area of n-3 FA and
inflammatory mediators, and the implications for a variety of
conditions may be of great importance.

Cell culture studies investigating the direct effects of
arachidonic acid on inflammatory mediator production have
also investigated effects of long-chain n-3 FA. EPA did not
activate NFκB in a monocytic cell line (67), while EPA and
DHA inhibited endotoxin-stimulated production of IL-6 and
IL-8 by cultured human endothelial cells (109,110). More re-
cent studies showed that EPA did not induce TNF-α, IL-1β,
or IL-1α (68) or IL-6 (69) in osteoblasts, and even countered
the upregulating effect of arachidonic acid (68); that EPA and
DHA could totally abolish cytokine-induced up-regulation of
TNF-α, IL-1α, and IL-1β in cultured bovine chondrocytes
and in human osteoarthritic cartilage explants (93,94); and
that EPA or fish oil inhibited endotoxin-induced TNF-α pro-
duction by monocytes (111–114). EPA was also less potent
than arachidonic acid in inducing COX-2 expression by fi-
broblasts and IL-6 expression by macrophages (60). EPA pre-
vented NFκB activation by TNF-α in cultured pancreatic
cells, an effect that involved decreased degradation of the in-
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hibitory subunit of NFκB (IκB), perhaps through decreased
phosphorylation (115). Similarly, EPA or fish oil decreased
endotoxin-induced activation of NFκB in human monocytes
(111,113,114), and this was associated with decreased IκB
phosphorylation (113,114), perhaps due to decreased activa-
tion of mitogen-activated protein kinases (116). These obser-
vations suggest direct effects of long-chain n-3 FA on inflam-
matory gene expression via inhibition of activation of the
transcription factor NFκB.

Animal feeding studies with fish oil support the observations
made in cell culture with respect to the effects of long-chain n-3
FA on NFκB activation and inflammatory cytokine production.
Compared with feeding corn oil, fish oil lowered NFκB acti-
vation in endotoxin-activated murine spleen lymphocytes (117).
Feeding fish oil to mice decreased ex vivo production of TNF-α,
IL-1β, and IL-6 by endotoxin-stimulated macrophages and
decreased circulating TNF-α, IL-1β, and IL-6 concentrations in
mice injected with endotoxin [Sadeghi et al. (118) and refer-
ences therein]. 

Several studies in humans involving supplementation of the
diet with fish oil have demonstrated decreased production of
TNF-α, IL-1β, and IL-6 by endotoxin-stimulated monocytes
or mononuclear cells (a mixture of lymphocytes and mono-
cytes) (80–82,119). The study of Caughey et al. (82) reported a
significant inverse correlation between the EPA content of
mononuclear cells and the ability of those cells to produce
TNF-α and IL-1β in response to endotoxin. Recent studies
have confirmed the ability of dietary fish oil to decrease pro-
duction of TNF-α (120) and IL-6 (120,121) by human
mononuclear cells. Furthermore, these studies provide for the
first time information on the dose-response relationship be-
tween dietary intake of long-chain n-3 FA and production of
these cytokines. It should be noted that there are also several
studies that fail to show effects of dietary long-chain n-3 FA on
production of inflammatory cytokines in humans [see Calder

(50) for references]. It is not clear what the reason for this is,
but the dose of n-3 FA used and other technical factors are
likely to be contributing factors. One other factor that has re-
cently been identified is polymorphisms in genes affecting cy-
tokine production (122). It was found that the effect of dietary
fish oil on cytokine production by human mononuclear cells
was dependent on the nature of the –308 TNF-α and the +252
TNF-β polymorphisms. This study raises the possibility of
being able to identify those who are more likely and those
who are less likely to experience specific anti-inflammatory
effects of fish oil.

Thus, examination of FA composition and of eicosanoid
profiles, cell and tissue culture work, and animal and human
feeding studies have revealed a range of anti-inflammatory ac-
tions of long-chain n-3 FA (Table 2). These may be of benefit
in sepsis, particularly during the “early” hyperinflammatory
phase. The benefits of fish oil in animal models of experimen-
tal endotoxemia have been clearly demonstrated. For example,
dietary fish oil or fish oil infused intravenously significantly
enhanced survival of guinea pigs to intraperitoneal endotoxin
compared with safflower oil (123,124). Dietary fish oil resulted
in a decreased concentration of circulating postendotoxin
eicosanoids (PGE2, TXB2, 6-keto-PGF1α) in rats and in de-
creased eicosanoid generation by alveolar macrophages
(125,126). Furthermore, compared with dietary safflower oil,
fish oil resulted in lower circulating TNF-α, IL-1β, and IL-6
concentrations following endotoxin administration to mice
(118). Dietary fish oil also appears to decrease sensitivity to in-
flammatory cytokines (127,128). Fish oil decreased endotoxin-
induced metabolic perturbations in guinea pigs and rats
(129,130) and improved heart and lung function and decreased
lung edema in endotoxic rats (126,131–133) and pigs
(134–136).

In addition to effects on production of inflammatory
eicosanoids and inflammatory cytokines, long-chain n-3 FA
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TABLE 2
Summary of the Anti-inflammatory Effects of Long-Chain n-3 FA

Anti-inflammatory effect Mechanism(s)b

Decreased generation of arachidonic acid-derived Partial replacement of arachidonic acid in cell membrane phospholipids
eicosanoids (many with inflammatory actions) Inhibition of arachidonic acid metabolism by phospholipase A2, COX, and 5-LOX

Decreased induction of COX-2, 5-LOX, and 5-LOX-activating protein

Increased generation of EPA-derived eicosanoids Increased cell membrane phospholipid content of EPA
(many with less inflammatory and some 
with anti-inflammatory actions)

Increased generation of DHA-derived docosanoids Increased cell membrane phospholipid content of DHA
(some with anti-inflammatory actions)

Decreased generation of inflammatory cytokines  Decreased activation of NFκB (via decreased phosphorylation of IκB)
(TNF-α, IL-1β, IL-6, IL-8) ? Activation of peroxisome proliferation-activated receptor γ*

? Differential effects arachidonic acid vs. EPA
? Differential effects of arachidonic acid- vs. EPA-derived eicosanoids  

Decreased expression of adhesion moleculesa Decreased activation of NFκB (via decreased phosphorylation of IκB)
? Other transcription factors  

aNot discussed here [see Calder (54)].
bCOX, cyclooxygenase; NFκB, nuclear factor kappa B; IκB, inhibitory subunit of NFκB.



also exert effects on cell-mediated immunity [see Kinsella et
al. (51), Calder (52), and Calder et al. (137) for reviews].
Large amounts of fish oil in the diet of laboratory animals
have been reported to exert immunosuppressive effects [see
Kinsella et al. (51), Calder (52), and Calder et al. (137)].
However, it is the effects of lower amounts of long-chain n-3
FA that are of relevance to the patient setting. Several studies
in humans, typically providing long-chain n-3 FA as fish oil,
and investigating aspects of cell-mediated immunity have
been performed. Phagocytic uptake of Escherichia coli ap-
pears unaffected by dietary long-chain n-3 FA in humans
(138–141). One study reported that fish oil decreased expres-
sion of HLA-DP, -DQ, and -DR on human monocytes (142),
suggesting impaired ability to present antigen, but there have
been no studies attempting to confirm this finding. Meydani et
al. (81) reported that fish oil providing 2.4 g EPA plus DHA
per day decreased T-lymphocyte proliferation in older but not
younger women. However, that study also reported increased
oxidative stress in the older subjects (143), and it may be that
the effect of n-3 FA was due to excessive lipid peroxidation.
Several other studies report no effect of various doses of long-
chain n-3 FA on lymphocyte proliferation (78,121,140), al-
though there are studies reporting a decrease (144,145). One
recent study reported that long-chain n-3 FA caused a dose-
dependent increase in proliferation of T cells (83). It is note-
worthy that the fish oil used was given in combination with
an antioxidant mix. This might be important in terms of pre-
venting excessive lipid peroxidation and so in determining the
overall effect of n-3 FA. The study by Meydani et al. (81) also
reported decreased production of IL-2 in the older women,
but this effect has not been confirmed by others in either older
(145), young (121,141), or mixed-age (78,140) subjects. A
recent study reported a dose-dependent increase in IFN-γ pro-
duction following n-3 FA supplementation as fish oil (83).
That antioxidants were given in combination with fish oil may
have been important in generating this finding.

Thus, the effects of long-chain n-3 FA on aspects of cell-
mediated immunity are rather unclear, although recent human
studies suggest that adverse immune effects are not exerted at
modest doses (see previous discussion for references) and that
enhanced T-cell responses (proliferation and IFN-γ production)
may occur at modest doses so long as antioxidants are also
given (83). In terms of sepsis, the true test of immunocompe-
tence occurs when live pathogens are administered. This is a
different situation from using endotoxin that is not living and
that therefore does not require a robust cell-mediated immune
response to eliminate it. As indicated previously, it is clear that
long-chain n-3 FA protect against the deleterious effects of en-
dotoxin. However, the situation regarding live pathogens is
much less clear. This is because animal studies, frequently
using high intakes of n-3 FA, report opposing findings. Infu-
sion of fish oil into rats also receiving low-dose endotoxin de-
creased the number of viable bacteria in mesenteric lymph
nodes and liver (146). Fish oil did not decrease bacterial
translocation across the gut, and so the authors concluded that
fish oil must have improved bacterial killing. Compared with

linoleic acid-rich vegetable oils, fish oil fed to rats before ex-
posure to live bacteria (147,148) resulted in increased sur-
vival, which was associated with decreased production of
PGE2. More recently, infusion of fish oil after induction of
sepsis by cecal ligation and puncture decreased mortality (and
PGE2 production) compared with vegetable oil (149). Intra-
gastric administration of fish oil into chow-fed rats before
cecal ligation and puncture improved survival compared with
saline or vegetable oil infusion (150). Compared with veg-
etable oil feeding to mice, fish oil feeding increased survival
to an intramuscular injection of Klebsiella pneumoniae (151).
The findings from these studies (146–151) contrast with those
reporting that fish oil feeding decreases the survival of mice
to oral Salmonella typhimurium (152) and to intraperitoneal
Listeria monocytogenes (153), of guinea pigs to Mycobac-
terium tuberculosis (154), and of neonatal rabbits to Staphy-
lococcus aureus (155). Thus, animal studies do not provide a
clear picture of the effect of high-dose fish oil on ability to
survive an infectious challenge. There are few human studies
that address exposure to long-chain n-3 FA and infection;
most intervention studies performed to date have been too
small and of too short duration to monitor infection as an out-
come. However, it is worth noting that an epidemic of
measles in Greenland triggered by its introduction to a naive
population by an infected Danish sailor showed the same
characteristics as previous epidemics in other naive popula-
tions (156). This suggests that the very n-3 FA-rich diet of the
Greenland Inuits did not worsen their response to the virus
and this could indicate that these FA do not increase infectious
susceptibility in humans. 

STUDIES OF LONG-CHAIN N-3 FA 
IN SURGICAL PATIENTS

Surgery is typically accompanied by an inflammatory re-
sponse that may be exaggerated in some patients, especially
if the surgery is major. If the patient is exposed to pathogenic
organisms and is unable to cope with these, then sepsis may
develop. Artificial nutrition is frequently used post-surgery
and this may involve parenteral (i.e., intravenous) infusions,
especially where the gastrointestinal tract is not fully func-
tional (e.g., post-abdominal surgery). Lipids are included in
parenteral nutrition to provide an alternative source of calo-
ries to glucose and the lipid source used most frequently has
been soybean oil, which is rich in the n-6 FA linoleic acid, al-
though it also contains a proportion of α-linolenic acid
(18:3n-3). A meta-analysis of total parenteral nutrition sug-
gested that inclusion of lipids might be detrimental (P = 0.09
for lipids vs. no lipids) (157), at least in very ill patients. It is
not clear why this is, although a number of in vitro experi-
ments have shown that soybean oil-based lipid emulsions can
exert immunosuppressive effects [see Calder et al. (158) for
references], which would clearly be detrimental in patients at
risk of infection and sepsis. Clinical trials provide conflicting
evidence, some showing some immunosuppressive effects
(159,160) and others not (161–163), at least in some patient
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groups. The concern about potential harm, the view of sepsis
as a hyperinflammatory state followed by an immunosup-
pressed state (Fig. 2), and the idea that n-6 FA might be
“proinflammatory and immunosuppressive” has led to the de-
velopment of alternative lipid emulsions for parenteral appli-
cations. Emulsions using a mix of medium-chain triglycerides
and soybean oil or based upon olive oil instead of soybean oil
have been developed, but these will not be discussed here.
However, of relevance to the present discussion is the develop-
ment of emulsions that include fish oil as a partial replace-
ment for soybean oil. Several such emulsions have been
tested in surgical patients.

Intravenous infusion of a lipid emulsion containing fish oil
for 5 d into patients who had undergone major abdominal
surgery resulted in much higher LTC5 production by blood
leukocytes stimulated ex vivo at 6 d postoperation (164). In
another study, patients who had undergone abdominal surgery
received soybean oil or a mix of medium-chain triglycerides,
soybean oil, and fish oil (50:40:10, by vol) for 5 d post surgery
(165). Leukocytes from these patients produced more LTB5
and LTB5 isomers at postoperative days 6 and 8. Patients who
had undergone major gastrointestinal surgery received a
medium-chain triglyceride/soybean oil mix (50:50, vol/vol) or
a mix of medium-chain triglycerides, soybean oil, and fish oil
(50:30:20, by vol) for 5 d postsurgery (166). Patients receiv-
ing fish oil got 3  (days 1 and 2) and 6 g (days 3, 4, and 5) of
long-chain n-3 FA per day. Neutrophils from these patients
produced less LTB4 and more LTB5 at postoperative days 6
and 10. Plasma TNF-α concentrations were lower in the fish
oil group at day 6, while plasma IL-6 concentrations were
lower at day 10. The study did not report clinical outcomes.
A more recent study infused a fish oil-rich formula on the day
before abdominal surgery and on days 1 to 5 following ab-
dominal surgery (167). On days 4 and 5 the patients also re-
ceived standard total parenteral nutrition that included 50 g
of fat/d (n = 12; n = 11 in the control group). TNF-α produc-
tion by endotoxin-stimulated whole blood tended to be lower
at postoperative day 5 in the fish oil group, but this was not
significant. Serum IL-6 concentrations were significantly
lower at days 0, 1, and 3 in the fish oil group. Monocyte ex-
pression of HLA-DR was preserved in the fish oil group but
declined at postsurgery days 3 and 5 in the control group. No
differences in infection rates or mortality were observed.
However, postoperative stay in intensive care tended to be
shorter in the fish oil group (4.1 vs. 9.1 d) as did total hospital
stay (17.8 vs. 23.5 days), although neither of these was a sig-
nificant effect. Postoperative stay on medical wards was sig-
nificantly shorter in the fish oil group. Another recent study
compared the effects of lipid-free total parenteral nutrition or
parenteral nutrition including 10% soybean oil or 8.3% soy-
bean oil plus 1.7% fish oil for 5 d after large bowel surgery
(168). There were no differences between the groups with re-
spect to the numbers of circulating lymphocytes, B cells,
CD4+ cells, CD8+ cells, or natural killer cells before surgery
or at days 3 and 6 postsurgery, although these were affected
by surgery itself. There were no differences between groups

with respect to T-lymphocyte proliferation, but IL-2 produc-
tion was increased in the fish oil group and the postsurgery
decline in IFN-γ production was prevented by fish oil. These
studies indicate that inclusion of fish oil in parenteral nutri-
tion regimens for gastrointestinal surgical patients modulates
generation of inflammatory eicosanoids (164–166) and cy-
tokines (166,167) and may help to counter the surgery-induced
declines in antigen-presenting cell activity (167) and T cell cy-
tokine production (168). Importantly, these studies do not re-
veal deleterious immunologic effects of fish oil infusion in
these patients. Furthermore, the only one of these fairly small
studies to have examined hard end points like length of hospital
stay suggests some clinical benefit from fish oil infusion in
these patients (167). However, larger studies are required to
evaluate the effects of this approach on complication rates, hos-
pital stay, and mortality rate. A very recent report from a larger
cohort of patients receiving parenteral nutrition postsurgery
does indicate benefit of inclusion of fish oil in the regimen
(169). Patients received fish oil postoperatively (n = 86) or con-
trols received a 50:50 medium-chain triglyceride-soybean oil
mix (n = 110). There were no differences between the two
groups with respect to the proportions of patients who died or
developed wound infections or with respect to length of hos-
pital stay. However, the proportion of patients who were read-
mitted to intensive care (5%) was significantly lower in the
fish oil than in the control group (17%). A group of patients
also received the fish oil-containing emulsion for 2 d preop-
eratively (n = 53). Here there were a number of very signifi-
cant benefits. This group showed a significantly decreased
need for mechanical ventilation (17 vs. 31% in the control
group), a significantly shorter length of hospital stay (22 vs.
29 d), significantly less need for readmission to intensive care
(5 vs. 17%), and a significantly lower mortality rate (3 vs.
15%) (169). This study demonstrates a benefit from the inclu-
sion of long-chain-3 FA in parenteral nutrition regimens used
in abdominal surgery patients. However, it also demonstrates
a much greater benefit if the FA are additionally provided be-
fore surgery, which, of course, is only possible in elective
surgery. The greater benefit of preoperative infusion of long-
chain n-3 FA may relate to better incorporation of the FA into
leukocytes and other tissues.

Enteral nutrition is an alternative form of artificial nutri-
tion. It describes provision of nutrients directly into the gas-
trointestinal tract via a tube and is sometimes referred to as
“tube feeding.” Enteral nutrition is used in patients with a
functional gastrointestinal tract and is considered preferable to
parenteral nutrition. The influence of enteral feeds including
long-chain n-3 FA in their composition has been examined in
surgical patients, generally in those who have undergone
surgery to remove cancerous regions of the intestine. These
studies have frequently used an enteral formula named
Impact® (Novartis, Basel, Switzerland), which contains argi-
nine, long-chain n-3 FA, and nucleotides, each of which is
lacking from control formulas. Thus, any effects observed can-
not be ascribed to a particular component of Impact. The ef-
fect of Impact on immunoinflammatory outcomes in surgical
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patients has been widely examined. Daly et al. (170) reported
that Impact results in time-dependent incorporation of EPA
into mononuclear cells and that this is associated with a time-
dependent decrease in PGE2 production. Studies have re-
ported that Impact increases phagocytosis by monocytes but
not by neutrophils (171,172), increases T-cell proliferation
(173) and cell-mediated immunity (172,174), and decreases
circulating concentrations of IL-6 (172,175). Several of these
studies report significantly improved clinical outcomes related
to lower infection rate (170,172,173,175) and decreased length
of hospital stay (170,172,175). Studies of Impact and similar
enteral formulas investigating clinical outcomes in postsurgical
patients have been subject to meta-analyses (176–178), which
conclude that this approach to enteral nutrition significantly de-
creases infectious complications and length of hospital stay in
elective surgery patients. It is possible that the modulation of in-
flammation and the improvements in immune function reported
in these patients receiving Impact contribute to the improved
clinical outcomes. However, it is not possible to ascribe these
benefits to long-chain n-3 FA. 

STUDIES OF LONG-CHAIN N-3 FA 
IN CRITICALLY ILL PATIENTS

Critically ill patients frequently require artificial support, de-
pending upon the extent of organ damage or failure, and this
will include nutritional support. The influence of enteral feeds
including long-chain n-3 FA has been examined in critically
ill patients; again, many of these studies have involved Impact.
A study in intensive care unit patients (a mix of trauma, sep-
sis, and major surgery patients) reported that Impact resulted
in higher T-cell proliferation at days 3 and 7 (179), while a
study of severe trauma patients reported greater HLA-DR
expression at day 7 (180). These studies did not report im-
provements in clinical outcomes. Studies of Impact and simi-
lar enteral formulas investigating clinical outcomes in
trauma and critically ill patients have been subject to meta-
analysis (176–178). The most recent of these concluded that
this approach to enteral nutrition decreases length of hospital
stay but has no effect on infectious complications or mortality
in critically ill patients (178). 

Another trial performed in patients with moderate and se-
vere acute respiratory distress syndrome used an enteral prepa-
ration that differed mainly in lipid source from the control
(181). The control group of patients (n = 72) received a for-
mula in which the lipid source was 97% corn oil plus 3% soy
lecithin. The experimental group (n = 70) received a lipid
source that was 32% canola oil, 25% medium-chain triglyc-
erides, 20% borage oil, 20% fish oil, and 3% soy lecithin. The
experimental formula also contained more vitamin C and vita-
min E than the control and it contained β-carotene, taurine,
and carnitine, which the control formula did not. Patients re-
ceiving the experimental formula got about 7 g of EPA, 3 g
of DHA, 6 g of γ-linolenic acid, 1.1 g of vitamin C, 400 IU of
vitamin E, and 6.6 mg of β-carotene per day for 6 d. By 4 d
the numbers of total leukocytes and of neutrophils in the alve-

olar fluid declined significantly in the experimental group and
were lower than in the control group. Arterial oxygenation
and gas exchange were improved in the experimental group.
These patients had a significantly decreased requirement for
supplemental oxygen, decreased time on ventilation support
(11.0 vs. 16.3 d), and a shorter length of stay in intensive care
(12.8 vs. 17.5 d). Total length of hospital stay tended to be
shorter in the experimental group (29.6 vs. 34.6 d). Signifi-
cantly fewer patients in the experimental group developed
new organ failure (8 vs. 28%). The mortality rate was 12% in
the experimental group and 19% in the control group, but this
difference was not statistically significant. More recently, new
data from this study have become available (182). Patients re-
ceiving the experimental formula had significantly lower con-
centrations of IL-8 in their alveolar fluid and tended to have
lower concentrations of LTB4 and TNF-α. It is possible that
the lower concentrations of LTB4 and IL-8, both of which are
potent leukocyte chemoattractants, may have been responsi-
ble for the lower neutrophil infiltration reported in the experi-
mental group, and indeed neutrophil counts were significantly
associated with these concentrations (182). This study estab-
lishes that the experimental treatment decreases production
of inflammatory mediators and infiltration of inflammatory
leukocytes and that this can result in significant clinical im-
provement in extremely ill patients. Because of the many dif-
ferences in composition between the experimental and con-
trol formulas used it is not possible to ascribe the effects and
benefits to any particular nutrient. However, the effects on
LTB4, IL-8 and TNF-α concentrations are consistent with ef-
fects of long-chain n-3 FA reported elsewhere.

Recently, data from studies using parenteral nutrition with
fish oil in sepsis patients have become available (183,184).
Patients received a standard soybean oil-based emulsion or
an emulsion containing fish oil for 5 (178) or 10 (177) d. Blood
leukocyte counts and serum C-reactive protein concentration
tended to be lower, and production of LTB5 by stimulated
neutrophils was significantly higher in patients receiving
long-chain n-3 FA (177). Production of TNF-α, IL-1β, IL-6,
IL-8, and IL-10 by endotoxin-stimulated mononuclear cells
did not increase during infusion of the fish oil-containing
emulsion whereas production of the four proinflammatory cy-
tokines was markedly elevated during the first 2 d of soybean
oil infusion (178). These studies establish that infusion of
long-chain n-3 FA into patients with sepsis can modulate in-
flammatory mediator production and related inflammatory
processes. However, the impact of this on hard clinical out-
comes in these patients is not yet clear.

In summary, long-chain n-3 PUFA from fish oil decrease
the production of inflammatory cytokines and eicosanoids.
They act both directly, by replacing arachidonic acid as an
eicosanoid substrate and by inhibiting arachidonic acid metabo-
lism, and indirectly, by altering the expression of inflammatory
genes through effects on transcription factor activation. Thus,
long-chain n-3 PUFA are potentially useful anti-inflammatory
agents and may be of benefit in patients at risk of developing
sepsis. An emerging application of n-3 PUFA is in surgical or
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critically ill patients where they may be added to parenteral
or enteral formulas. Parenteral or enteral nutrition including
n-3 PUFA appears to preserve immune function better than
standard formulas and appears to partly prevent some aspects
of the inflammatory response. Studies to date are suggestive
of clinical benefits from these approaches, especially in post-
surgical patients.
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ABSTRACT: Dietary n-3 PUFA have been shown to attenuate
T-cell-mediated inflammation, in part, by suppressing T-cell ac-
tivation and proliferation. n-3 PUFA have also been shown to
promote apoptosis, another important mechanism for the pre-
vention of chronic inflammation by maintaining T-cell home-
ostasis through the contraction of populations of activated T
cells. Recent studies have specifically examined Fas death re-
ceptor-mediated activation-induced cell death (AICD), since it
is the form of apoptosis associated with peripheral T-cell dele-
tion involved in immunological tolerance and T-cell homeosta-
sis. Data from our laboratory indicate that n-3 PUFA promote
AICD in T helper 1 polarized cells, which are the mediators of
chronic inflammation. Since Fas and components of the death-
inducing signaling complex are recruited to plasma membrane
microdomains (rafts), the effect of dietary n-3 PUFA on raft com-
position and resident protein localization has been the focus of
recent investigations. Indeed, there is now compelling evidence
that dietary n-3 PUFA are capable of modifying the composi-
tion of T-cell membrane microdomains (rafts). Because the
lipids found in membrane microdomains actively participate in
signal transduction pathways, these results support the hypoth-
esis that dietary n-3 PUFA influence signaling complexes and
modulate T-cell cytokinetics in vivo by altering T-cell raft com-
position.

Paper no. L9553 in Lipids 39, 1163–1170 (December 2004).

Among dietary factors, there is strong evidence for a protec-
tive effect of n-3 PUFA found in fish oil (FO) on autoimmune
and inflammatory diseases (1,2). In contrast, n-6 PUFA can be
deleterious with respect to the incidence and severity of such
diseases (1–3). This is significant because the typical Western
diet contains 10–20 times more n-6 than n-3 PUFA (4). 

Inflammatory and autoimmune diseases are characterized
by an overactive immune response, resulting from excessive
immune cell accumulation. The suppressive effects of n-3
PUFA on the accumulation of inflammatory T-cells may 

result from either reduced proliferation or enhanced apopto-
sis of activated T cells, or both. T cells, particularly CD4+ T
cells, are involved in the induction of inflammation, orches-
trating a cell-mediated immune response by stimulating
monocytes and macrophages to secrete inflammatory cy-
tokines such as interleukin (IL)-1, IL-6, and tumor necrosis
factor (TNF)α (5). CD4+ T cells also stimulate B cells to pro-
duce immunoglobulins. Activated CD4+ T cells are function-
ally heterogeneous, differentiating into T helper (Th) 1 or Th2
cells, as defined by their different cytokine profiles. Th1 cells,
characterized by the production of IL-2, interferon γ, and
TNFβ, are required to mount a cell-mediated immunity
against intracellular pathogens. Th2 cells are characterized
by the production of IL-4, IL-5, and IL-10 and are important
in humoral immunity and as a defense against extracellular
pathogens (6). In addition to their protective roles in host de-
fense, both subsets have been implicated in pathological re-
sponses. Th1 cells are proinflammatory and can mediate au-
toimmune and inflammatory diseases, whereas Th2 cells have
been implicated in the pathogenesis of asthma and allergy (7).
The two helper subsets cross-regulate each other to maintain
a balanced heterogeneous response using cytokines; Th1 cells
inhibit Th2 responses with interferon γ, and Th2 cells inhibit
Th1 responses with IL-10 (8). 

EFFECT OF N-3 PUFA ON T-CELL PROLIFERATION

Activation of naive T cells leads to proliferation and differentia-
tion into effector cells, a process known as clonal expansion.
Several studies in humans, rodents, and cell-culture systems
have examined the effect of n-3 PUFA on lymphoproliferation.
Three clinical studies in which subjects were fed diets contain-
ing 2.4–18 g/d of EPA and DHA reported significant reductions
in mitogen-induced proliferation and IL-2 production in periph-
eral blood mononuclear cells (PBMC) (9–11). Another human
study found similar reductions in proliferation and IL-2 secre-
tion when 180 g/d of fish was fed rather than FO (12). Addition-
ally, Grimble et al. (13) found that a diet containing 6 g/d of FO
was able to decrease TNFα production. Similar immunosup-
pressive effects were reported in other studies (14–16). 

Complementary studies have been conducted in rodents.
Jolly et al. (17,18) fed mice diets containing 10 g/kg EPA or
DHA for 10 d and reported a significant decrease in con-
canavalin A-stimulated splenocyte proliferation in both diet
groups. This was accompanied by a decrease in IL-2 and IL-2
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receptor α (IL-2Rα) expression, and reductions in DAG and
ceramide, lipid second messengers. Feeding rats a diet contain-
ing 20% (wt/wt) FO for 10 wk, a much higher level of fat and
longer feeding duration, also suppressed splenocyte prolifera-
tion (19). More recently, Arrington et al. (20) reported de-
creased splenocyte IL-2 secretion from the T-cells of mice fed
diets containing 1% DHA by weight only when cultures were
stimulated with antibodies against CD3 and CD28
(αCD3/αCD28). Thus, in certain experimental systems, dietary
n-3 PUFA appear to alter T-cell receptor (TCR)-dependent or
costimulatory (CD28) signal transduction. Using the same set
of stimuli, Sasaki et al. (21) showed a decrease in CD4+ and
CD8+ and an increase in CD28 surface expression (0.73 ± 0.11
vs. 0.33 ± 0.12 for a palm oil control diet [values given as fluo-
rescence intensity]) in DHA-fed mouse splenocytes. In a fur-
ther attempt to elucidate a mechanism of action, Arrington et
al. (22) isolated CD4+ and CD8+ T-cell populations from mice
following a 14-d diet of 2% (wt/wt) FO. They found that an ef-
fect on proliferation was dependent on the stimulus used in cul-
ture. FO suppressed CD8+ T-cell proliferation in cells stimu-
lated with αCD3/αCD28. In contrast, FO increased CD4+ T-
cell proliferation when cells were stimulated with αCD3 plus
phorbol-12-myristate-13-acetate (PMA), an agonist that stimu-
lates protein kinase C (PKC). Interestingly, this stimulation
combination directs cells toward a Th2-like phenotype (22,23).
Another study reported a decrease in reduction in phospholi-
pase Cγ tyrosine phosphorylation in mitogen-stimulated rat
splenocytes fed 20% (wt/wt) FO (24). 

In cell-culture experiments, mouse splenocytes and human
PBMC cultured in DHA or EPA exhibited reduced levels of
proliferation, IL-2, and IL-2Rα expression following mitogen
stimulation (25–27). In more mechanistic studies, Denys et al.
(28) noted a decrease in PMA-stimulated PKC activation and
ERK1/ERK2 signaling in Jurkat T-cells that were cultured in
the presence of up to 60 µM EPA and DHA. Diaz et al. (29)
showed that mitogen-stimulated human PBMC had increased
phospholipase D activity, a regulator of T-cell proliferation
and apoptosis, following culture in 5–15 µM DHA. Taken to-
gether, there is substantial evidence from several different ex-
periments for the antiproliferative properties of n-3 PUFA.

EFFECT OF N-3 PUFA ON T-CELL APOPTOSIS

Apoptosis is an important mechanism for regulating immune
responses by means of shaping the lymphocyte repertoire
through selection of maturing thymocytes and maintaining
homeostasis in the mature lymphocyte pool after antigenic
expansion. There are at least two major pathways of apopto-
sis: (i) passive cell death, resulting from the absence of
growth factors and other survival stimuli, and (ii) activation-
induced cell death (AICD), induced by chronic antigen stim-
ulation (30). Passive cell death is important in the elimination
of cells that fail to undergo positive selection in the thymus
(31). AICD plays an essential role in peripheral deletion in-
volved in tolerance and homeostasis and is important in neg-
ative selection in the thymus (31–33). The biochemical mech-

anisms of passive cell death and AICD are distinct. However,
both are mediated by the action of caspases, cysteine pro-
teases with specificity for aspartate residues. Caspases exist
as inactive zymogens (proenzymes) in the cytoplasm until ac-
tivated by proteolytic cleavage. They are organized in cas-
cades that amplify the initial death signal (34). 

Passive cell death results from activation of the intrinsic
mitochondrial death-mediated pathway. When cells are de-
prived of survival stimuli, there is an increase in mitochon-
drial permeability and breakdown of mitochondrial membrane
potential. As a consequence, cytochrome c is released into the
cytoplasm and binds to Apaf-1. Pro-caspase 9 associates with
this complex, leading to its proteolytic activation. Active cas-
pase 9 subsequently activates downstream caspases including
caspase 3, leading to cell death (30,35). Mitochondrial mem-
brane permeability is highly regulated by members of the Bcl-
2 family. Anti-apoptotic members of the Bcl-2 family, includ-
ing Bcl-2 and Bcl-xL, prevent membrane permeability and the
release of cytochrome c. Pro-apoptotic members, including
Bax, Bak, Bid, and Bad, enhance membrane permeability, in
part resulting in cytochrome c release (36).

In the immune system, AICD acts as a feedback mecha-
nism for terminating an ongoing immune response and serves
to maintain peripheral tolerance. T-cells responding to an
antigenic stimulus first expand in number and then decrease
as a result of AICD. Repeated antigen stimulation leads to the
expression of death receptors that link extracellular signals to
apoptosis. Death receptors belong to the TNF receptor
(TNFR) superfamily and include Fas, TNFR1, and TRAIL-R
(37). They are characterized by multiple cysteine-rich repeats
in their extracellular domain and a protein–protein interaction
death domain (DD) in their cytoplasmic tail (38). Fas (CD95,
apo-1) is the best-studied receptor and is the principal media-
tor of CD4+ T-cell AICD (30). Fas-mediated apoptosis is ini-
tiated by its interaction with FasL (CD95L), which is a TNF-
related type II transmembrane molecule (38). Unlike Fas,
which is expressed in a wide variety of tissues including thy-
mus, spleen, lymph node, kidney, liver, and heart (39), FasL
is expressed primarily in activated T cells and natural killer
(NK) cells (38,40). Interestingly, although IL-2 plays a criti-
cal role in cell growth, it also sensitizes the same cells to
apoptosis. When high levels of IL-2 are present, this cytokine
promotes FasL expression (41). Fas trimerization, necessary
for apoptosis transduction, is triggered by FasL binding and
immediately recruits a complex of associated proteins known
as the death-inducing signaling complex (DISC). The adaptor
molecule, Fas-associated DD protein (FADD), binds to Fas
via its DD. In addition, FADD also has a death-effector do-
main (DED) with which it recruits the DED-containing pro-
caspase 8 into the DISC (38). Pro-caspase 8 is then cleaved,
and active caspase 8 dissociates from the DISC to cleave pro-
caspase 3, initiating the caspase cascade that results in cell
death. The importance of Fas/FasL in AICD is illustrated by
the development of lymphoproliferative disorders in lpr/lpr
and gld/gld mice due to mutations in the genes encoding Fas
and FasL, respectively (30). 
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T cells are not equally sensitive to AICD (42). In addition
to their differential cytokine production and functions, Th1
and Th2 cells have different susceptibilities to AICD, with
Th1 cells reported to be AICD sensitive and Th2 cells re-
ported to be AICD resistant (42,43). The selective death of
Th1 cells has been attributed to a preferential requirement for
phorbol ester-sensitive PKC isoforms (44) and the upregula-
tion of Fas (44) and FasL (44,45). In contrast, the resistance
of Th2 cells to AICD has been linked to expression of c-FLIP,
an enzymatically inert homolog of caspase 8 (46), and phos-
phatidylinositol-3′-kinase (PI-3K) activity (47).

With respect to the effect of dietary n-3 PUFA on apopto-
sis, there are relatively few data on lymphocyte apoptosis.
The few studies that have addressed this issue have examined
mixed cell populations, that is, whole splenocytes (48,49).
Avula and Fernandes (50) showed that feeding young (4 mon)
and old (9 mon) mice 5% (wt/wt) FO resulted in increased
splenocyte apoptosis in both age groups. Fernandes et al. (48)
reported an increase in mouse splenocyte apoptosis following
a 10% (wt/wt) FO diet, and this was associated with an increase
in the surface expression of Fas, a death receptor and mediator
of apoptosis. In a similar study, FasL was upregulated and Bcl-2
was decreased in mouse splenocytes after consumption of a 4%
(wt/wt) FO diet (49). Additionally, Jurkat T cells cultured in
0–90 µM DHA for up to 48 h produced higher levels of acti-
vated caspase 3 (51). Avula et al. (49) examined CD4+ and
CD8+ T-cell subset apoptosis; however, this effect was quanti-
fied in the subset populations after stimulation of the mixture
using flow cytometry, rather than in cultures of purified T-cell
subsets.

These observations provided the rationale to investigate the
effect of n-3 PUFA on the CD4+ Th1 cell subset, since this
class of polarized cells actively mediates chronic inflamma-
tion. Consistent with this rationale, we specifically examined
the AICD apoptotic pathway, as it is the form of apoptosis as-
sociated with the deletion of cells involved in chronic inflam-
mation and autoimmune disease. Our initial investigation of
the effect of dietary n-3 PUFA on T-cell apoptosis showed that
n-3 PUFA enhanced T-cell apoptosis following in vitro incu-
bation with selective stimuli (52). Purified splenic T cells from
diet-fed mice were stimulated with either αCD3/αCD28,
αCD3/PMA, or PMA/Ionomycin for 24 h. T cells from 2%
FO (wt/wt)-fed mice had a significantly increased percentage
of apoptotic cells relative to both safflower oil (n-6 PUFA) and
olive oil (n-9 monounsaturated FA) control diets only in
PMA/Ionomycin-stimulated T cells. Cytokine analyses of cell
culture supernatants revealed that αCD3/PMA-stimulated T
cells secreted significantly more IL-4 and IL-10, Th2 cy-
tokines. In comparison, PMA/Ionomycin-stimulated T cells
secreted significantly more IL-2, and much less IL-4, indica-
tive of a Th1 phenotype. Thus, in agreement with previous
studies (22), αCD3/PMA drove T cells toward a Th2-biased
cytokine profile, whereas PMA/Ionomycin drove T cells to-
ward a Th1-biased cytokine profile. Experiments designed to
examine T-cell AICD generated similar results. n-3 PUFA sig-
nificantly increased AICD only following PMA/Ionomycin

stimulation, that is, in Th1-biased cells (52). Furthermore, a
comparison of dietary n-3 PUFA dose (4% FO vs. 9% FO)
demonstrated that there was no difference in AICD. Thus, T-
cell AICD can occur just as efficiently at low n-3 PUFA in-
take. In an attempt to determine whether the pro-apoptotic ef-
fects of dietary FO were specifically mediated by DHA, we
fed mice diets composed of 1% DHA (wt/wt) ethyl esters. To
our surprise, DHA did not enhance apoptosis (Fig. 1), suggest-
ing that DHA, by itself, may not be the active molecule in FO
with respect to AICD. Similarly, Thies et al. (53) observed that
human NK cell activity was decreased only after 12 wk of con-
sumption of 4 g/d FO, but not DHA. Additionally, 75 µM EPA
was shown to suppress human PBMC proliferation by inhibit-
ing IL-2Rα expression and IL-2 production and to promote
the cell death of activated T cells (26).

Based on our results that n-3 PUFA enhanced AICD in T
cells induced to secrete a Th1-biased cytokine profile, we hy-
pothesized that n-3 PUFA would also promote AICD in CD4+

T cells driven to differentiate more completely in vitro toward
a Th1 cytokine pole using standard polarization methodology.
Due to the extended time in culture necessary to achieve po-
larization, a set of cells from each diet group was cultured in
diet-matched homologous mouse serum (MS), rather than
FBS. This approach prevented culture-induced loss of n-3
PUFA from membrane phospholipids (PL) (19,54). Follow-
ing flow cytometric verification that the cells were appropri-
ately polarized toward a Th1 phenotype, it was demonstrated
that dietary corn oil suppressed Th1 polarization relative to
FO and that this effect occurred only in cells cultured in the
presence of homologous MS (54). AICD was enhanced sig-
nificantly in CD4+ T cells from FO-fed mice cultured in the
presence of homologous MS. Therefore, the diet and culture
conditions that promoted the greatest number of Th1 cells
also enhanced AICD to the greatest extent. Since Th1 cells
are susceptible to AICD (42,43), our data suggest that dietary
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FIG. 1. DHA does not affect T-cell AICD. Splenic T cells from corn oil
(5%, wt/wt) and DHA ethyl ester (1%, wt/wt)-fed mice were initially ac-
tivated as follows: αCD3/αCD28, PMA/αCD3, or PMA/Ionomycin for
48 h. Following an overnight rest period in RPMI-complete medium, T
cells were reactivated with the initial stimuli for 5 h. Apoptosis was an-
alyzed with Annexin V/PI. Data represent the mean ± SEM, n = 6 per
diet group. AICD, activation-induced cell death; PMA, phorbol-12-
myristate-13-acetate; RPMI, media only control.



n-3 PUFA may indirectly enhance AICD via promotion of a
Th1 phenotype.

ROLE OF LIPID RAFTS IN REGULATING T-CELL 
FUNCTION: MODULATION BY DIET

The plasma membrane is an asymmetrical lipid bilayer com-
posed of PL, cholesterol, sphingolipids, and integral proteins.
In 1972, Singer and Nicolson (55) proposed the fluid-mosaic
model, which described the fluid nature of the membrane bi-
layer. The fluidity of the membrane affects the organization and
dynamics of both lipids and proteins within the membrane, and
thus its biological function. Fluidity of the membrane depends,
in part, on its composition. The length and saturation of the
fatty acyl chain of PL influences the ability of the PL molecules
to pack against one another (56). A shorter chain length reduces
the tendency of the acyl chains to interact with one another, and
cis-double bonds create kinks in the chains that prevent them
from packing together. The presence of cholesterol and sphin-
golipids promotes rigidity (57). Saturation is more prevalent in
sphingolipid acyl chains, and the sterol structure of cholesterol
causes the fatty acyl chains to become closely packed. It is also
known that cholesterol preferentially interacts with sphin-
golipids (58) and, together with glycosylphosphatidylinositol-
anchored proteins, they form liquid-ordered microdomains that
float in the liquid-disordered bulk membranes (59). These
“rafts” are resistant to solubilization by nonionic detergents,
facilitating isolation for study (60). 

Lipid rafts have been implicated in an ever-increasing
number of biologically important phenomena such as signal-
ing. Rafts play an important role in cell signaling, particularly
through the organization and distribution of surface receptors,
including Fas, at specific sites in the plasma membrane
(61,62). Recent studies have shown that the formation of
macromolecular complexes containing the T-cell receptor,
CD4, and CD45 is believed to contribute to sustained TCR
interaction with its ligand (63). Lipid rafts are important for
the formation and stabilization of these TCR signaling com-
plexes, acting as platforms that facilitate intramolecular asso-
ciations and propagation of signal transduction cascades (63).
Interestingly, conditions that modify raft structure can disrupt
early steps in T-cell activation (64). Rafts appear to differ, de-
pending on the developmental state of the T cell, and these
differences probably contribute to markedly different out-
comes of signaling (65). Effector and memory T cells have
more surface rafts than naive T cells, and activated Th1 cells
differ from activated Th2 cells in raft organization. Stimula-
tion of Th1 cells results in a stable association of TCR com-
ponents with raft domains, whereas Th2 stimulation fails to
form these signaling complexes (65). 

With respect to AICD, raft structures are required for effi-
cient propagation of apoptotic signals. The death receptor and
primary initiator of AICD, Fas, has been shown to require
clustering and capping at the membrane to effectively signal
to downstream apoptotic molecules (66). This clustering and
capping occurs in rafts, a location that best facilitates the trap-

ping of Fas, recruitment of additional intracellular molecules
of the DISC, and exclusion of inhibitory pathways. Th1 and
Th2 cells have different susceptibilities to AICD, possibly ex-
plained in part by their distinct lipid raft compositions (65). 

Not surprisingly, changes in raft lipid and/or protein com-
position can alter cell function and phenotype. Fan et al. (67)
have recently shown that dietary n-3 PUFA remodel the PL
composition of murine T-cell rafts. They found that the sphin-
gomyelin content of lipid rafts was significantly decreased in
T cells from n-3 PUFA-fed mice. This novel observation is
noteworthy because sphingolipids are required to facilitate
raft formation and T-cell activation (57). In addition, it has
been reported that Jurkat T cells cultured in vitro with n-3
PUFA undergo modification of lipid raft composition and
suppression of signal transduction (68,69). Fan et al. (70)
have recently shown that CD3+ T cells from 4% FO (wt/wt)-
fed mice had decreased PKCθ colocalization with lipid rafts
after αCD3/αCD28 stimulation. PKCθ is an important mole-
cule in the regulation of T-cell proliferation and apoptosis and
requires translocation to lipid rafts to be active (71). There-
fore, our data are noteworthy, because this is one of the first
studies to examine the effect of diet on raft modification and
its relationship to T-cell activation (Fig. 2). 

The loss of phenotype observed in Th1 AICD responses
when cells are cultured in FBS, rather than homologous MS,
led us to hypothesize that homologous MS would maintain
diet-induced changes in membrane microdomain FA compo-
sition during culture in vitro. In addition, previous research
has shown that the lipid content of serum added to tissue cul-
ture medium has a significant effect on cell FA composition
(72,73). Therefore, we examined the effect of culture condi-
tions on CD4+ T-cell rafts. Analysis of the FA composition of
raft PL showed that the inclusion of MS prevented the cul-
ture-induced rearrangement of T-cell lipids. Detailed exami-
nation of membrane microdomains revealed that the signifi-
cant enhancement of EPA and DHA observed in the CD4+ T
cells from FO-fed mice, compared with corn oil-fed mice, im-
mediately ex vivo was lost in cells cultured in FBS. Further
analysis revealed that only in rafts isolated from CD4+ T cells
from FO-fed mice did the addition of homologous MS pre-
vent the culture-induced loss of cholesterol (54). Since cho-
lesterol is critical for raft integrity (57), these results indicate
that culture conditions have a profound effect on lipid raft
composition and structure. Additionally, these observations
suggest that caution should be taken when culturing cells ex
vivo.

ALTERNATIVE MECHANISMS BY WHICH N-3 
PUFA MAY MODULATE T-CELL PROLIFERATION 
AND APOPTOSIS

n-3 PUFA may exert their anti-inflammatory effects through
a variety of alternative mechanisms. One mechanism may be
by alterating eicosanoid synthesis. Eicosanoids are signaling
molecules that include prostaglandins, thromboxanes, leuko-
trienes, and hydroxy and hydroperoxy derivatives (HETE,
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HPETE). Nonesterified arachidonic acid (AA; 20:4n-6) re-
leased from membrane PL by phospholipases acts as a sub-
strate for cyclooxygenases (COX-1, a constitutive enzyme, or
COX-2, an inducible enzyme) and lipoxygenases. Cyclooxy-
genase products of AA give rise to prostaglandins and throm-
boxanes, which are mostly proinflammatory due to vascular
permeability and vasodilation enhancement. Lipoxygenases
give rise to leukotrienes, HETE, and HPETE, which are in-
volved in vascular permeability and vasoconstriction (74).
Compared to AA, EPA and DHA are substrates for cyclooxy-
genase and lipoxygenase, respectively; thus, the cell’s ability
to produce eicosanoids and resulting inflammatory responses
is strongly influenced by the FA composition of membrane
PL (74,75). Increasing dietary n-3 PUFA will decrease AA
substrate availability for eicosanoid synthesis as shown by
Endres et al. (76), who observed a decrease in prostaglandin
E2 production following n-3 PUFA feeding. 

Another mechanism by which n-3 PUFA could alter T-cell
proliferation and apoptosis might involve peroxisome prolif-
erator-activated receptors (PPAR), specifically PPARγ.
PPARγ has been shown to inhibit IL-4 production in CD4+ T
cells (77). However, PPARγ also reduces interferon γ and IL-
2 in human T cells (78), indicating that PPARγ is not selec-
tive in T-cell subset repression. Additionally, PPARγ binds
both n-3 and n-6 PUFA with equal affinity and lacks FA class
specificity (79,80). Finally, we have already shown that our
short-term feeding of n-3 PUFA does not induce PPARγ

mRNA (52). Therefore, the effects of n-3 PUFA are likely not
mediated by PPAR, at least not PPARγ. With regard to the
propensity of PUFA to mediate metabolic oxidative stress,
from an in vivo perspective, antioxidant cosupplementation
in human subjects has been shown not to alter the suppres-
sive effect of FO feeding on T-cell proliferation (81). Consis-
tent with this observation, we have shown that there is no
change in systemic oxidative stress following the ingestion of
experimental diets containing n-3 PUFA in a murine model
system (52). This is not surprising because the experimental
diets utilized by our laboratory typically contain 120 IU vita-
min E/kg to help protect against in vivo peroxidation. This ex-
ceeds the estimated minimal requirement of a 75 IU vitamin
E/kg diet (82). With respect to in vitro cell culture conditions
that can affect murine CD4+ cell responses, Pompos and
Fritsche (73) recently demonstrated that alterations in lipid
peroxidation are not important with respect to n-3 PUFA-me-
diated suppression of T-cell proliferation. Collectively, these
data suggest that the immunosuppressive effects of n-3 PUFA
are not mediated by oxidative stress.

In conclusion, we have summarized several recent studies
describing the anti-inflammatory properties of n-3 PUFA, es-
pecially EPA (20:5n-3) and DHA (22:6n-3). In general, con-
sumption of diets rich in n-3 PUFA are associated with a re-
duced T-cell proliferative response and increased apoptotic
response. Importantly, we found that dietary n-3 PUFA selec-
tively modulate T-cell subset function. Additionally, we
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FIG. 2. Model depicting the effects of n-3 PUFA on T-cell lipid rafts and downstream signaling. Dietary n-3 PUFA
alter lipid raft composition that may affect the following: the n-3 PUFA enhancement of Th1 cell polarization (A); the
n-3 PUFA enhancement of Th1 cell AICD (B); the n-3 PUFA decrease in PKCθ colocalization with lipid rafts (C). Th1,
T helper 1; PKC, protein kinase C. For other abbreviation see Figure 1.



showed that n-3 PUFA alterations of membrane microdomain
(lipid raft) composition may be a key mechanism influencing
these effects. Finally, we have shown that cell culture condi-
tions (e.g., serum source) are critical to observe the biological
impact of diet on cell function in vitro. Studies such as these
will aid in the establishment of dietary guidelines designed to
promote a balanced immune system, so that protective host
responses (e.g., to infectious agents) can be maintained, while
potentially detrimental host responses (e.g., chronic inflam-
mation and hypersensitivity) can be controlled.

Future studies are needed to determine the precise cellular
and molecular mechanisms by which dietary n-3 PUFA affect
the proliferative and apoptotic functions of Th1 cells.
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ABSTRACT: In recent years the potential application of the
immunomodulatory effects of polyunsaturated FA (PUFA), particu-
larly those of the n-3 series, in a variety of inflammatory disorders
has been of considerable interest. However, the mechanisms
underlying inhibition of T-cell activation have so far been unclear.
In this short review we summarize possible mechanisms for the
modulation of immune responses by PUFA. Effects of PUFA on
T-cell signal transduction pathways and underlying molecular
mechanisms are described in detail. These recent results add
considerably to the understanding of mechanisms of PUFA ac-
tions, but their relevance in the in vivo situation must still be
elucidated.

Paper no. L9554 in Lipids 39, 1171–1175 (December 2004). 

PUFA exert a variety of immunomodulatory effects. Long-
chain PUFA of the n-3 series such as EPA (20:5n-3) and DHA
(22:6n-3) that are abundant in marine fish oils appear most
effective in this respect. Also PUFA of the n-6 series, for ex-
ample, GLA (18:3n-6), provide some beneficial effects on dis-
tinct inflammatory disorders, but their amounts in health food
supplements are rather small. The efficacy of GLA could be
taken as an indication that mechanisms common to PUFA but
not specific for n-3 PUFA, such as some alterations in membrane
function, could underlie modulation of the immune system by
this FA (1). Notably, PUFA do not appear to adversely affect the
immune system of healthy individuals, emphasizing that PUFA
exert moderate effects in states of selected misdirected immune
responses. Previous studies have shown that T lymphocytes are
a primary target for PUFA-mediated immunomodulation (1).
This short review summarizes effects of PUFA on T-cell activa-
tion with particular emphasis on the elucidation of underlying
molecular mechanisms.

PRINCIPAL MECHANISMS 
OF IMMUNOMODULATION BY PUFA

Three modes of PUFA action have been primarily discussed
with respect to their immunomodulatory action. First, PUFA
of the n-3 series interfere with the biosynthesis of lipid medi-
ator molecules. Eicosanoid messenger molecules such as
prostaglandins (PG), leukotrienes (LT), and thromboxanes
(TX) are usually derived from arachidonic acid (AA) that is
liberated from membrane phospholipids. Metabolism of AA
by cyclooxygenases (COX) leads to generation of PG and TX
of the 2-series, whereas metabolism via 5-lipoxygenases
gives rise to, for example, LT of the 4-series. PUFA of the n-3
series inhibit eicosanoid synthesis from AA and/or give rise
to chemically altered molecules. When EPA is metabolized
instead of AA by the COX, PG and TX of the 3-series are pro-
duced that in some cases have different biological effects, as
reviewed in detail elsewhere (2,3). In addition to directly in-
terfering with enzymes of eicosanoid synthesis, PUFA can
also affect protein levels of involved enzymes by altering
gene expression as shown for COX-2 in monocytes (4). Al-
though n-6 and n-3 PUFA exert clearly different effects on
eicosanoid synthesis, the functional outcome of these changes
with respect to immunomodulation are often not predictable
due to parallel pro- and anti-inflammatory effects and often
unknown in vivo interactions of the generated messenger mol-
ecules. Moreover, due to great species differences (5) and dif-
ferences between in vitro and in vivo eicosanoid production
(6,7) in vivo extrapolations of experimental data have turned
out to be extremely difficult.

A second principal mechanism for modulation of immune
responses by PUFA is by direct alteration of gene expression
by modification of transcription factor activity. This can be
achieved either by direct interaction with ligand-binding tran-
scription factors, so-called nuclear receptors, or by interfer-
ence with membrane or cytoplasmic signaling pathways that
finally lead to altered transcription factor activation. Peroxi-
some proliferator-activated receptor (PPAR) γ preferentially
binds a variety of PUFA and their derivatives and has been
shown to be involved in lymphocyte activation and macro-
phage differentiation (8–10). Since PUFA activate PPARγ,
this could be a mechanism of PUFA-mediated immunomodu-
lation. However, PPARγ is also activated by the abundant mono-
unsaturated FA. In addition to PPARγ, PPARα, and PPARδ
can bind FA, but with even less specificity for PUFA. PPARγ
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is highly abundant in myeloid cells but T lymphocytes, which
constitutively express PPARα, express PPARγ only upon
stimulation. Liver X receptors α and β are inhibited by mono-
and polyunsaturated FA (11). Retinoid X receptors, the het-
erodimer partner for a variety of nuclear receptors including
those mentioned above, are activated by DHA with some se-
lectivity compared to AA (12). However, nuclear receptors
generally lack adequate specificity for PUFA to explain PUFA’s
immunomodulatory effects. Moreover, suppressive effects in
vitro have mostly been found with rather unselective nuclear
receptor ligands so that the impact of nuclear receptors in gen-
eral, and PPARγ in particular, on PUFA-mediated immuno-
modulation is doubtful. 

PUFA EFFECTS ON LIPID RAFT COMPOSITION

PUFA are incorporated into membrane phospholipids and
hence modulate membrane structure and function. Based on
the original fluid mosaic model of cellular membranes (13),
incorporation of highly unsaturated FA alter their general bio-
physical properties such as microviscosity. However, PUFA
affect the composition of particular microdomains of the
plasma membrane called lipid rafts. Lipid rafts are built up
by a particular lipid composition rich in sphingolipids and
cholesterol (14). Phospholipid side chains are highly enriched
in saturated FA compared to the plasma membrane proper.
This special lipid composition leads to a particular biophysical
property called the liquid-ordered state. Due to this special
lipid composition, proteins that are modified by saturated FA
(palmitoyl or myristoyl moieties) on their cytoplasmic side
and cell surface proteins that are attached via a glycosyl phos-
phatidylinositol (GPI) anchor are highly concentrated within
lipid rafts. Many proteins involved in signal transduction, for
example, Src family kinases, are acylated and are hence pre-
dominantly found in lipid rafts. Therefore, lipid rafts have
turned out to be implicated in signaling processes elicited by
a variety of cell surface receptors including the T-cell recep-
tor (TCR)/CD3 complex, and insulin receptors (15). Although
the exact nature of lipid rafts is still a matter of discussion
(16), a plethora of publications suggest lipid rafts and the lo-
cation of particular proteins within rafts to be functionally im-
portant dynamic substructures of the plasma membrane that
are crucial, for example, for lymphocyte activation (17).

PUFA treatment alters lipid rafts in a particular manner.
Using GPI-anchored proteins and sphingolipids such as the gan-
glioside GM1 as marker molecules of the outer (exoplasmic)
membrane lipid leaflet of the membrane bilayer, PUFA did not
interfere with the concentration of these molecules in rafts.
However, acylated proteins that are anchored to the inner (cy-
toplasmic) lipid leaflet are displaced from rafts when periph-
eral blood or Jurkat T lymphocytes are treated with n-3 PUFA
and to a somewhat lower extent also with n-6 PUFA (18).
Thus, PUFA selectively alter the protein composition of the
inner membrane lipid leaflet while leaving the outer leaflet
virtually unaffected. Notably, the extent of displacement of
acylated proteins from lipid rafts strictly correlates with im-

pairment of calcium signaling, indicating a functional impact
of these alterations (18).

PUFA may principally alter lipid rafts by two different
mechanisms: PUFA could replace saturated palmitoyl moi-
eties of acylated proteins by PUFA residues. Polyunsaturated
fatty acyl residues might then no longer be able to incorpo-
rate into the predominantly saturated lipid environment of
lipid rafts. On the other hand, PUFA could be incorporated in
membrane phospholipids, thereby altering the lipid environ-
ment, which would then no longer prefer fatty acyl moieties
of proteins to be concentrated in rafts. Incorporation of
polyunsaturated fatty acyl moieties has been shown to occur
due to a partial nonselectivity of palmitoyl transferases (19).
However, PUFA acylation of proteins is a rather inefficient
process. On the other hand, PUFA readily attach to the sn-2
position of membrane phospholipids of both lipid rafts and
the plasma membrane proper. Notably, PUFA are incorpo-
rated not only in lipids that predominantly reside in the outer
membrane lipid leaflet (PC, sphingomyelin), but are also
found in the PE that predominantly occurs in the inner mem-
brane leaflet, whose protein composition is altered by PUFA
treatment. Recent data with diets enriched with fish oils re-
vealed that n-3 PUFA are readily incorporated into membrane
lipids from rafts as well as soluble membrane fractions (20).
Interestingly, these analyses revealed that dietary PUFA dra-
matically reduced raft content of sphingomyelin that is also
involved in stabilizing lipid rafts (21). Moreover, when using
tritiated palmitate for metabolic labeling, we could show that
labeled acylated proteins such as the Src family kinase Lck
are found displaced from rafts to a similar extent as the protein
itself (22). Since palmitate cannot be transformed to PUFA,
these data reveal that PUFA treatment leads to displacement
from rafts of proteins that are not acylated with PUFA. Hence,
incorporation of PUFA into membrane lipids is likely to be a
mechanism for proteins to be displaced from rafts by PUFA
treatment (Fig. 1). That only proteins from the inner leaflet
are displaced from rafts by PUFA treatment, although PUFA
are incorporated in lipids of both leaflets, may be due to addi-
tional raft-stabilizing effects of lipid head groups, for exam-
ple, of sphingolipids, that are only present at the outer mem-
brane surface.

FUNCTIONAL EFFECTS OF RAFT DISRUPTION 
BY PUFA

A number of acylated proteins are involved in T-cell signal-
ing, including Src family kinases and the adaptor protein
linker for activation of T cells (LAT). Virtually all acylated
proteins tested are displaced from rafts by PUFA treatment.
To elucidate which of the displaced proteins is critical for the
inhibitory effect of PUFA on calcium signaling, we performed
a step-by-step analysis of T-cell signaling cascades stimulated
via the TCR/CD3 complex that mediates antigen-specific
stimuli to T lymphocytes in vivo. Tyrosine phosphorylation of
CD3ζ chains, which is presumably catalyzed by the Src-family
kinase Lck, binding of the zeta-associated protein (ZAP)-70
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to phospho-CD3ζ, and phosphorylation of ZAP-70 by Lck
are not diminished in PUFA-treated T cells (23) (Fig. 2).
However, subsequent phosphorylation of the central adaptor
protein LAT turned out to be the most upstream signaling
event inhibited by PUFA treatment. This inhibition is fol-
lowed by diminished phosphorylation of phospholipase C
(PLC) γ1, which liberates the inositol-1,4,5-trisphosphate
needed for elevation of cytoplasmic calcium concentration,
an early key event in T-cell activation. 

Based on these data, we hypothesized that LAT displace-
ment from lipid rafts is the critical event leading to diminished
calcium signaling in PUFA-treated T cells. LAT is a double-acy-
lated transmembrane protein with a short exoplasmic domain.

If LAT displacement from rafts is the critical alteration leading
to diminished calcium signaling in PUFA-treated T cells, then
reconstitution with a LAT molecule that cannot be displaced
from rafts by PUFA treatment should render T cells insensi-
tive to the inhibitory effects of PUFA. The recently cloned
adaptor protein phosphoprotein associated with glycolipid-
enriched membrane domains (PAG) is a transmembrane protein
that turned out to not be displaced from rafts when T cells
were treated with PUFA. We used the exoplasmic and trans-
membrane domains (including palmitoylation sites) of PAG
to generate a chimeric molecule including the functional cyto-
plasmic domain of LAT (PAG-LAT). A LAT-deficient Jurkat
line (ANJ3) was reconstituted with either wild-type LAT or
the chimeric PAG-LAT protein. As we anticipated, the
chimeric PAG-LAT remained localized to rafts irrespective
of whether cells had been treated with PUFA or saturated FA.
Notably, PUFA treatment did not inhibit PLCγ1 phosphoryla-
tion and calcium response in cells reconstituted with PAG-
LAT in contrast to cells reconstituted with wild-type LAT
(23). Thus, a PUFA-insensitive LAT protein is able to rescue
T cells from PUFA-mediated inhibition of PLCγ1 and cal-
cium signaling. Thus LAT displacement from lipid rafts is a
molecular mechanism by which PUFA inhibit membrane-
proximal signaling of T cells in vitro. Of note, a recent study
for the first time links in vivo alterations of lipid rafts by
PUFA with functional consequences (24).

IMPACT OF PUFA ON DOWNSTREAM SIGNALING

Signaling pathways in T lymphocytes comprise a rather complex
network. Therefore, we elucidated whether the high speci-
ficity of PUFA-mediated signaling defects at the very early
signaling events is maintained during downstream signaling
(Fig. 3). At the level of mitogen-activated protein kinases
(MAPK) we found a highly selective inhibition of c-jun N-terminal
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FIG. 1. A model for PUFA-mediated alteration of lipid rafts. GPI, GPI-
anchored protein; *, acylated signaling proteins, for example, Src fam-
ily kinases, LAT (linker for activation of of T cells).

FIG. 2. PUFA-induced alterations in membrane-proximal T-cell signaling
events. Arrows, tyrosine phosphorylation events. TCR, T cell receptor;
ZAP, zeta-associated protein; PLCγ1, phospholipase Cγ1; for other ab-
breviations see Figure 1.

FIG. 3. PUFA inhibit T-cell downstream signaling on different levels in
a highly selective manner. MAPK, mitogen-activated protein kinases;
JNK, C-jun N-terminal kinase; NF-AT, nuclear factor of activated T cells;
NF-κB, nuclear factor κB; IL, interleukin; IFN, interferon. 



kinase (JNK) phosphorylation and activation, whereas phos-
phorylation of p38 MAPK and ERK-1,2 remained essentially
unaltered by PUFA treatment of Jurkat and peripheral blood
T cells (25). When analyzing transcription factor activation
we found inhibition by PUFA of nuclear factor (NF) of acti-
vated T cells (NF-AT). In contrast, activation of AP-1 and
NF-κB were not affected by PUFA treatment. These experi-
ments showed that selectivity of PUFA is apparent also at the
MAPK and transcription factor level. 

When analyzing PUFA effects on cytokine signaling, we
found inhibition only for interleukin (IL)-2 and IL-13, but not
for interferon (IFN)-γ, IL-4, IL-9, or IL-10, further indicating
selectivity of PUFA effects rather than general T-cell inhibi-
tion (25). Half-maximal effects for inhibition of IL-2 occurred
at about 5 µM, suggesting significance also for in vivo PUFA
treatment. In addition, expression of the cell surface activa-
tion marker CD25, but not of CD69, was strikingly inhibited
by PUFA treatment. Thus, PUFA inhibit T-cell downstream
signaling in a highly selective manner. 

In contrast to these in vitro data, in vivo data on PUFA ef-
fects on T-cell-driven immune responses have not shown such
high selectivity in inhibition but more general effects, for ex-
ample, including reduction of serum concentrations of IFN-γ
(26). These differences could be due to different ways of T-cell
activation in vivo compared to in vitro. In vivo, T helper cells
that drive immune responses are stimulated via antigen-pre-
senting cells (APC). For efficient T-cell stimulation, the contact
site between T cell and APC requires a complex organization
known as “immunological synapse.” Recent data from our
laboratory indicate that formation of the immunological synapse
is altered when T cells have been treated with PUFA (Geye-
regger, R., Zeyda, M., and Stulnig, T.M., unpublished data).
Such alterations could underlie deficient T-cell activation in
vivo, leading to diminished activation of pathways that are
not intrinsically altered in PUFA-treated T cells stimulated
via antibodies to cell surface receptors. However, more in
vivo studies are needed to elucidate how PUFA affect the ini-
tiation of immune responses at a molecular level.

In summary, recent advances in the elucidation of mecha-
nisms leading to inhibition of T-cell activation by PUFA point
to a critical involvement of lipid rafts. Although data are
mostly confined to in vitro PUFA treatment, recent publications
suggest that T-cell lipid rafts are also altered after dietary
PUFA treatment. Hence, lipid rafts could be a key for the under-
standing of the immunomodulatory action of PUFA beyond
alterations in eicosanoid production and nuclear receptor in-
teractions.
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ABSTRACT: Omega-3 PUFA of marine origin reduce adipos-
ity in animals fed a high-fat diet. Our aim was to learn whether
EPA and DHA could limit development of obesity and reduce
cellularity of adipose tissue and whether other dietary FA could
influence the effect of EPA/DHA. Weight gain induced by com-
posite high-fat diet in C57BL/6J mice was limited when the con-
tent of EPA/DHA was increased from 1 to 12% (wt/wt) of dietary
lipids. Accumulation of adipose tissue was reduced, especially
of the epididymal fat. Low ratio of EPA to DHA promoted the
effect. A higher dose of EPA/DHA was required to reduce adi-
posity when admixed to diets that did not promote obesity, the
semisynthetic high-fat diets rich in EFA, either α-linolenic acid
(ALA, 18:3 n-3, the precursor of EPA and DHA) or linoleic (18:2
n-6) acid. Quantification of adipose tissue DNA revealed that
except for the diet rich in ALA the reduction of epididymal fat
was associated with 34–50% depression of tissue cellularity,
similar to the 30% caloric restriction in the case of the high-fat
composite diet. Changes in plasma markers and adipose gene ex-
pression indicated improvement of lipid and glucose metabolism
due to EPA/DHA even in the context of the diet rich in ALA. Our
results document augmentation of the antiadipogenic effect of
EPA/DHA during development of obesity and suggest that
EPA/DHA could reduce accumulation of body fat by limiting both
hypertrophy and hyperplasia of fat cells. Increased dietary intake
of EPA/DHA may be beneficial regardless of the ALA intake.

Paper no. L9552 in Lipids 39, 1177–1185 (December 2004).

Many studies in rodents have demonstrated that PUFA, espe-
cially n-3 PUFA EPA (20:5n-3) and DHA, 22:6n-3, which are
abundant in marine fish oils, are less effective in promoting
accumulation of adipose tissue than saturated fats (1–5). Di-
etary n-3 PUFA admixed to high-fat (HF) diets do not affect
food consumption (2,6–8), but they do modulate fuel parti-
tioning by downregulating lipogenesis and stimulating lipid

oxidation. Such modulation of metabolism is associated with
changes of gene expression in many tissues including liver,
muscle, and adipose tissue (4,9,10). A preferential reduction
of epididymal compared with subcutaneous white adipose tis-
sue due to enrichment of diet with fish oil or EPA/DHA con-
centrates was observed (2,7,10,11). However, the mechanism
for the reduction of body fat stores is still unclear [see the fol-
lowing discussion and Azain (4), Lapillonne et al. (9), and
Raclot and Oudart (10)]. Both in animals (6,10) and humans
(12,13), EPA/DHA lower blood TG and may improve insulin
sensitivity. They also exert prophylactic effects on cardiovas-
cular disease (12,14). Data on the effects of n-3 PUFA on adi-
posity in humans are scarce (13,15).

The effect of EPA/DHA on adiposity was mostly studied
in rats using semisynthetic HF (sHF) diets and compared with
saturated FA or n-6 PUFA (1,2,5,10,11,16,17). Especially
DHA-rich diets were potent in reducing body fat storage, and
the reduction was explained by limited accumulation of lipids
in adipocytes rather than by a decreased number of fat cells
(2,11). A drawback of the above studies was that they were
not conducted under conditions promoting obesity, since the
body weight gain of control animals was very small. Also
studies in mice fed sHF diets have documented the reduction
of adiposity by n-3 PUFA (6,7,18,19) and indicated that EPA
and DHA could be more effective than n-3 PUFA of plant ori-
gin, that is, α-linolenic acid [ALA, 18:3 n-3; Ikemoto et al.
(6)]. This compound is a precursor of EPA and DHA in mam-
mals, but it is oxidized very rapidly in the organism and its
conversion to EPA and DHA is quite inefficient (4,12,14).

Inbred and genetically modified strains of mice are being
increasingly used to study the pathophysiology of obesity and
its related disorders. For instance, the C57BL/6J inbred strain
of mice represents a common model of obesity and diabetes
induced by composite HF diets [cHF diets (20–23)]. The pre-
vious mouse strain has been already used to study the effects
of different dietary oils admixed to sHF diets on body fat ac-
cumulation and glucose metabolism (6). The goal of this
study was to learn whether EPA and DHA could limit the obe-
sity and proliferation of adipose tissue cells induced in the
C57BL/6J mice by the cHF diet. To understand the influence of
other dietary lipids, namely EFA of plant origin (i.e., 18:3n-3
and 18:2n-6), on the potency of EPA and DHA to reduce the
mass and cellularity of adipose tissue, experiments were also
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performed using sHF diets based on flaxseed or corn oils. The
effects on gene expression in adipose tissue, as well as the
plasma levels of lipids, leptin, and insulin in the mice fed sHF
diets were also analyzed.

EXPERIMENTAL PROCEDURES

Animals and diets. Male mice were housed in a controlled en-
vironment (20°C; 12-h light/dark cycle; light from 6:00 a.m.)
with free access to water and a standard chow diet [Velaz,
Prague, Czech Republic; Kopecky et al. (22)]. At the age of
2.5 mon mice were single-caged. At 3 to 4 mon of age, the
animals were randomly assigned to experimental HF diets: (i)
obesity-promoting cHF diet derived from the standard chow
(20,22); or (ii) sHF diet of a similar composition like the one
previously used for rats (2,11), containing (in g/kg) 479 su-
crose, 266 casein, 200 plant oil [either flaxseed oil rich in
ALA, 18:3 n-3; or corn oil rich in linoleic acid, 18:2 n-6;
Table 2], 45 agar-agar, 10 vitamin and mineral mix (Biofak-
tory, Prague, Czech Republic), and α-tocopherol (300
mg/kg). Macronutrient composition and energy density of the
chow, cHF, and sHF diets are described in Table 1. When in-
dicated, 15 or 44% (wt/wt) of a fat component in the HF diets
was replaced by the concentrate of n-3 PUFA of marine ori-
gin rich in DHA (EPAX 1050 TG or EPAX 2050 TG) or EPA
(EPAX 4510 TG; Pronova Biocare a.s., Lysaker, Norway).
EPA and DHA collectively form 45–64% (wt/wt) of the con-

centrates and they are present as TG. The lipid composition
and abbreviations of diets are given in Table 2. FA composi-
tion of all diets used in this study was determined by GC
(Table 3). Mice were weighed weekly, while individual food
intake was determined daily, when a new ration was given. In
some experiments, the ration was reduced by 30% compared
with ad libitum fed mice on the same type of diet (caloric re-
striction; CR). At the end of the feeding study, at 5 to 6.5 mon
of age, mice were killed by cervical dislocation between 9:00
and 10:00 a.m., subcutaneous (dorsolumbar) and epididymal
white fat [for the anatomical description of fat depots, see
Cinti (24)], as well as the liver, were dissected. Plasma was
obtained from truncal blood using EDTA and stored at –70·C
for the analysis of metabolites and hormones (see the follow-
ing discussion).

Tissue content of TG and DNA and TG in feces. Content
of TG in liver and feces was estimated in alcoholic KOH sol-
ubilizates prepared according to Salmon and Flatt (25), using
a kit (Catalog No. 320-A) from Sigma Diagnostic (Procedure
No.320-UV, Sigma, St. Louis, MO), as described previously
(22). DNA was estimated fluorometrically in tissue samples
digested with proteinase K as before (26).

Plasma concentrations of metabolites and hormones. In-
sulin, leptin, and TG were estimated in plasma of fed animals
(22). Concentrations of nonesterified FA (NEFA) in plasma
were evaluated enzymatically using a NEFA C kit (Wako
Chemicals, Richmond, CA). Plasma leptin and insulin were
assessed by using a Mouse Leptin RIA Kit and Sensitive Rat
Insulin RIA Kit, respectively, from LINCO Research (St.
Charles, MO). Blood glucose was measured by the use of a
SmartScan glucometer (Life Scan, Milpitas, CA).

Gene expression. Total RNA was isolated by using TRIzol
Reagent (Invitrogen, Carlsbad, CA). RNA was treated with
RNase-free DNase. Gene expression was analyzed by reverse
transcription followed by the real-time quantitative PCR
(LightCycler Instrument, F. Hoffman-La Roche Ltd., Basel,
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TABLE 1 
Macronutrient Composition and Energy Density of Experimental Diets

Diet

Chow cHF sHF

Lipids (% diet, wt/wt) 3.4 35.2 20.0
Carbohydrates (% diet, wt/wt) 56.2 35.4 47.9
Proteins (% diet, wt/wt) 20.9 20.5 26.6
Energy density (kJ/g) 14.2 22.8 10.1 

TABLE 2 
Lipid Composition and Abbreviations of Experimental Dietsa

Oil (% lipid, wt/wt)

EPAX EPAX EPAX
Diet Rapeseed Sunflower Flaxseed Corn 1050TG 2050TG 4510TG

Control diets
cHFb 95 5 — — — — —
sHFf — — 100 — — — —
sHFc — — — 100 — — —

EPA/DHA-enriched diets
EPA < DHAc

cHF-F1b 81 4 — — 15 — —
cHF-F2b 53 3 — — 44 — —
sHFf-F1 — — 85 — — 15 —
sHFf-F2 — — 56 — — 44 —
sHFc-F1 — — — 56 44 — —

EPA > DHAc

sHFc-F2 — — — 56 — — 44
aLipid composition of all experimental diets prepared at the laboratory.
bThe composition of plant oils used to prepare the cHF diets [see Kopecky et al. (22) for further details].
cEPA-to-DHA ratio in diet.



Switzerland) with primers specific for mouse leptin (F:
CCGCCAAGCAGAGGGTCAC; R: GCATTCAGGGC-
TAACATCCAACT) and GLUT4 (F: ACCGGCTGGGCT-
GATGTGTCT; R: GCCGACTCGAAGATGCTGGTTGA-
ATAG). Expression levels of eukaryotic translational elongation
factor-1α (F: TGACAGCAAAAACGACCCACCAAT; R:
GGGCCATCTTCCAGCTTCTTACCA) and cyclophilin-β
(F: ACTACGGGCCTGGCTGGGTGAG; R: TGCCGGAG-
TCGACAATGATGA) mRNA were used to correct for inter-
sample variations with similar results. Expression of these
two genes was not affected by the dietary treatments (not
shown). The detailed protocol has been described before
(27).

Statistics. The data were analyzed by a one-way (diet) or a
two-way (depot × diet) ANOVA, using SigmaStat statistical
software. Logarithmic transformation was used to stabilize
variance in cells when necessary. The Student–Newman–
Keuls, or Dunnett’s method, applied to separate variance t-test
between pairs of groups, was used for multiple comparisons.
All comparisons were judged to be significant at P = 0.05. 

RESULTS

Reduction of cHF diet-induced obesity by EPA/DHA. Adult
mice offered a control cHF diet started to gain body weight at
a much higher rate than their littermates maintained on the
chow diet. Weight gain was apparent after about 2 wk of ha-
bituation on the cHF diet and reached about 6.5 g within the
next 5 wk of the experiment (Fig. 1). Body weight gain was
about 2.7 g lower in mice fed a cHF-F1 diet enriched with
EPA/DHA compared with cHF diet (for diets, see Tables 2
and 3) and even higher enrichment resulted in a net loss of
body weight of about 3 g over the 5-wk feeding period (Fig.
1, the cHF-F2 mice). Weight loss of about 6 g was observed
in food restricted (CR) animals fed the control cHF diet.
However, a combination of CR and the cHF-F1 diet had no fur-
ther effect on body weight compared with CR alone (Fig. 1).
The intake of EPA/DHA did not affect food consumption of
the animals (Table 4, cHF vs. cHF-F2). 

A dose-dependent effect of dietary EPA/DHA on body
weight could be attributed to a reduced adiposity of both epi-

ANTIOBESITY EFFECT OF N-3 PUFA 1179

Lipids, Vol. 39, no. 12 (2004)

TABLE 3
FA Composition of Dietary Lipidsa

Control diets EPA/DHA-enriched diets

FA (g/100 g) Chow cHF sHFf sHFc cHF-F1 cHF-F2 sHFf-F1 sHFf-F2 sHFc-F1 sHFc-F2

12:0 0.1 1.5 — — 1.5 1.5 NE NE — NE
14:0 1.3 2.4 — — 2.4 2.4 — 0.1 — 0.2
14:1n-5 — 0.2 — — 0.2 0.2 NE NE — NE
16:0 20.9 11.3 4.2 10.3 10.8 9.8 3.7 2.6 6.3 6.4
16:1n-9 0.2 0.1 — — 0.1 0.1 0.1 0.2 — 0.3
16:1n-7 1.9 0.5 — 0.1 0.6 0.6 NE NE 0.2 NE
18:0 6.7 3.7 3.1 1.8 3.9 4.2 3.0 2.7 2.3 3.8
18:1n-9 23.3 50.8 18.1 28.5 42.3 25.9 15.9 11.5 18.9 21.3
18:1n-7 1.8 2.5 0.6 0.5 2.2 1.7 0.6 0.7 0.7 2.3
18:2n-6 32.0 19.4 14.9 52.7 16.6 11.1 12.7 8.6 31.5 30.1
18:3n-6 0.1 — — 0.1 — 0.1 NE NE 0.1 0.4
18:3n-3 3.3 4.1 57.9 1.6 3.3 1.9 49.3 32.7 1.1 2.6
18:4n-3 0.4 0.1 — — 0.2 0.3 0.2 0.6 0.1 NE
20:0 0.2 0.4 0.1 0.4 0.5 0.5 NE NE 0.5 NE
20:1n-9 0.7 0.9 0.1 3.6 0.9 0.9 0.4 1.0 2.5 4.1
20:2n-6 0.1 0.2 — 0.1 0.2 0.3 0.1 0.2 0.2 NE
20:3n-6 — — — 0.1 — 0.1 NE NE 0.1 NE
20:4n-6 0.2 0.1 — — 0.4 1.0 0.2 0.5 0.9 1.4
20:3n-3 0.1 — — — — 0.1 NE NE 0.1 NE
20:4n-3 0.1 — — — 0.1 0.2 0.3 0.8 0.2 1.1
20:5n-3 2.4 0.2 — — 1.3 3.3 3.6 10.6 3.0 21.3
22:0 0.2 0.3 0.1 0.1 0.3 0.3 NE NE 0.2 NE
22:1n-9 0.1 0.2 — — 0.2 0.2 0.1 0.2 0.1 0.4
22:4n-6 — — — — 0.2 0.4 NE NE 0.3 NE
22:5n-6 0.1 0.1 — — 0.8 2.2 0.2 0.5 2.0 NE
22:5n-3 0.4 0.1 0.2 — 0.4 1.1 0.9 2.4 1.0 0.7
22:6n-3 2.8 0.9 — — 10.5 29.2 8.0 23.6 27.0 3.7
24:0 0.2 — 0.1 — 0.1 0.1 NE NE — NE
24:1n-9 0.2 0.2 0.3 0.1 0.3 0.6 NE NE 0.6 NE
Sum SFA 29.7 19.6 7.7 12.6 19.3 18.7 7.0 5.7 9.3 10.6
Sum MUFA 28.3 55.2 19.2 32.8 46.7 30.1 17.3 13.8 23.0 28.4
Sum n-6 PUFA 32.5 19.8 14.9 52.9 18.2 15.2 13.2 9.8 35.2 31.0
Sum n-3 PUFA 9.6 5.4 58.1 1.7 15.8 36.1 62.4 70.7 32.5 29.7
aSFA, saturated FA; MUFA, monounsaturated FA; —, <0.1%; NE, not estimated.



didymal and subcutaneous (dorsolumbar) fat depots. How-
ever, the former depot appeared to be more affected, and even
the lower dose of EPA/DHA was effective (Table 4, cHF vs.
cHF-F1). In fact, both higher dose of EPA/DHA (cHF-F2
diet) and CR reduced adiposity of the depots to a similar ex-
tent. No further decrease of fat content was observed when
cHF-F1 diet was combined with CR (Table 4). Only CR but
not EPA/DHA decreased liver mass (Table 4).

DNA concentration was higher in the dorsolumbar than
epididymal fat and increased about 2-fold in both fat depots
due to the higher dose of EPA/DHA (Table 4, cHF vs. cHF-
F2) while the lower dose had no effect (Table 4, cHF vs. cHF-
F1). In epididymal but not dorsolumbar fat the total DNA
amount decreased about 2-fold due to both cHF-F1 and cHF-

F2 diets. CR, either alone or in combination with the cHF-F1
diet, increased DNA concentration in both fat depots simi-
larly as the cHF-F2 diet (Table 4). CR alone resulted in about
2-fold depression of total DNA in epididymal fat, while it did
not affect DNA content of dorsolumbar fat. The combination
of CR and cHF-F1 diet tended to decrease total DNA content
in both depots, compared with the effect of CR alone (Table
4). 

Depression of adiposity by EPA/DHA admixed to sHF
diets. To understand whether the potency of n-3 PUFA of ma-
rine origin to reduce adiposity depends on the composition of
the bulk of dietary lipids, experiments were performed using
the sHF diets based on either flaxseed (sHFf diets) or corn oil
(sHFc diets; see Tables 2 and 3). Control sHFf diet did not
promote obesity during 2 mon of the experiment and the ani-
mals gained similar body weight as those maintained on a
chow diet (Table 5, sHFf). The moderate enrichment of the
diet with EPA/DHA had no significant effect on body weight;
however, the weight of both epididymal and dorsolumbar fat
depots tended to increase whereas DNA concentration de-
creased (Table 5, sHFf vs. sHFf-F1). The higher enrichment
of the diet with EPA/DHA elicited significant reduction in
body weight and adipose tissue mass as well as increase of
DNA concentration in epididymal but not dorsolumbar adi-
pose tissue (Table 5, sHFf vs. sHFf-F2). However, total con-
tent of DNA in neither fat depot was changed.

The next experiment was performed using the sHFc diets,
that is, the control sHFc diet and the diets enriched with
EPA/DHA, containing either more DHA (as in all the experi-
ments described above) or more EPA (Table 6, sHFc-F1 and
sHFc-F2, respectively). Compared to chow diet (not shown),
2.5 mon of feeding the sHFc diet did not affect body weight
or mass of fat depots. However, treatment by both sHFc-F1
and sHFc-F2 diets resulted in a depression of body weight
and the mass of epididymal fat. The DHA-rich sHFc-F1 diet
exhibited a stronger effect compared to the EPA-rich sHFc-
F2 diet (Table 6). Weight of dorsolumbar fat depot also
tended to decrease, but the differences were not statistically
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FIG 1. Effects of EPA/DHA and caloric restriction (CR) on body weight
and fat accumulation in mice fed a composite high-fat (cHF) diet. At 4
mon of age (wk –2), the chow diet was replaced by the control cHF diet.
Two weeks later (week 0), animals were divided into 5 subgroups and
fed ad libitum the control cHF diet (l), cHF-F1 diet (ll), or cHF-F2 diet
(t). Mice on the CR regime were fed either the control cHF diet (tt) or
the cHF-F1 diet (n). After 5 wk, the animals were sacrificed. Data are
means ± SE (n = 10). See also Table 4.

TABLE 4
Effects of EPA/DHA and CR on Fat Depots, Liver, and Food Consumption of Mice Fed cHF Diets 

Dieta

cHF cHF-F1 cHF-F2 CR cHF-F1 and CR

Epididymal fat
Weight (mg of tissue) 1701 ± 124 1180 ± 190b 437 ± 60b,c 293 ± 60b,c 296 ± 50b,c

DNA (µg/mg of tissue) 0.39 ± 0.03 0.34 ± 0.04 0.74 ± 0.07b,c 0.76 ± 0.10b,c 0.65 ± 0.09b,c

(µg/depot) 652 ± 58 345 ± 47b 329 ± 63b 271 ± 50b 220 ± 20b,c,d

Dorsolumbar fat
Weight (mg of tissue) 620 ± 40 552 ± 79 209 ± 16b,c 229 ± 24b,c 252 ± 14b,c

DNA (µg/mg of tissue) 0.56 ± 0.04 0.56 ± 0.05 1.20 ± 0.14b,c 1.41 ± 0.16b,c 1.05 ± 0.10b,c

(µg/depot) 323 ± 26 323 ± 40 244 ± 28b 348 ± 56 255 ± 15
Liver weight (mg) 1687 ± 85 1639 ± 74 1550 ± 120 915 ± 38b,c,d 935 ± 98b,c,d

Food consumption (kJ/d per animal)e 65 ± 3 NE 60 ± 3 NA NA
aAnimals described in Figure 1 were analyzed.
b,c,dStatistically significant differences compared to cHF, cHF-F1, and cHF-F2, respectively.
eFood consumption was estimated during the second week of feeding (week 2 in Fig. 1). There are different effects of diet
on tissue weight and DNA content in various depots (ANOVA). CR, caloric restriction by 30% compared with ad libitum-
fed mice; NA, not applicable; NE, not estimated.

 



significant (Table 6). Marked reduction of the epididymal fat
due to sHFc-F1 diet was associated with a significant loss of
tissue DNA (Table 6), indicating a reduction of tissue cellu-
larity. On the other hand, the weak effect of sHFc-F2 diet on
adiposity was accompanied by an increase in DNA concen-
tration in both fat depots, but total DNA content in fat depots
did not change. Food consumption was similar in all dietary
groups (Table 6) including those fed the chow diet (not shown).
Concentration of TG in feces was similar in all animals fed
the sHF diets, whereas it was reduced in the liver of the sHFc-
F2 compared with the sHFc mice (Table 6). Liver weight was
similar in all groups of mice [data not shown; see also Hun et
al. (7)].

Systemic consequences of dietary EPA/DHA. In the exper-
iment, where the effects of EPA/DHA were tested using the
sHFf diets, based on flaxseed oil (see Table 5), plasma levels
of TG, NEFA, leptin, and insulin were also measured (Fig. 2).
In parallel, the expression of leptin and GLUT4 genes in fat
depots was also characterized (Fig. 3). Plasma TG levels were
similar in mice fed the standard chow or sHFf diets, whereas
they were decreased in proportion to the content of EPA/DHA
in the diet. The levels of NEFA were similar in all groups of
mice (Fig. 2). Leptin levels in plasma were greatly suppressed
by the higher dose of EPA/DHA in the diet, whereas in all
other dietary groups plasma leptin levels were similar (Fig.
2). The suppression of leptin concentrations by EPA/DHA
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TABLE 5
Effects of EPA/DHA on Body Weight and Fat Depots of Mice Fed sHFf Diet

Dieta

Chow sHFf sHFf-F1 sHFf-F2

Body weight (g)
Initial 25.5 ± 1.2 24.4 ± 0.9 25 ± 0.6 25.1 ± 0.8
Final 26.4 ± 0.8 24.3 ± 0.8 24.8 ± 0.6 22.2 ± 0.4b,c

Change 1.0 ± 0.4 0.6 ± 0.6 −0.15 ± 0.4 −2.9 ± 0.6b,c

Epididymal fat
Weight (mg of tissue) 312 ± 45 357 ± 57 425 ± 52 182 ± 13b,c

DNA (µg/mg of tissue) 0.77 ± 0.07 0.77 ± 0.08 0.58 ± 0.04b 1.19 ± 0.14b,c

(µg/depot) 228 ± 24 213 ± 7 233 ± 11 211 ± 17
Dorsolumbar fat
Weight (mg of tissue) 223 ± 18 236 ± 28 280 ± 18 207 ± 12c

DNA (µg/mg of tissue) 1.67 ± 0.26 1.22 ± 0.09 1.00 ± 0.04 1.57 ± 0.14b,c

(µg/depot) 352 ± 35 293 ± 21 279 ± 13 320 ± 23
aAt 3 mon of age, chow diet-fed mice were divided into 4 groups (n = 8) and fed a chow, control
sHFf, sHFf-F1 or sHFf-F2 diet. Animals were sacrificed at 5 months of age. 
b,cStatistically significant differences compared to sHFf and sHFf-F1 diet, respectively. There are dif-
ferent effects of diet on tissue weight in various depots (ANOVA). See also Figures 2 and 3 for addi-
tional data from this experiment.

TABLE 6 
Effects of EPA and DHA on Body Weight, Fat Depots, Lipid Content in Feces and Liver, 
and Plasma TG in Mice Fed sHFc Diets

Dieta

sHFc sHFc-F1 sHFc-F2

Body weight (g)
Initial 26.9 ± 0.4 27.2 ± 0.5 27.1 ± 0.6
Final 28.1 ± 1.1 25.4 ± 0.7 26.2 ± 0.7
Change 1.7 ± 0.7 −1.4 ± 0.4b −0.7 ± 0.6b

Epididymal fat weight (mg) 722 ± 132 355 ± 39b 450 ± 79
DNA (µg/mg of tissue) 0.51 ± 0.07 0.66 ± 0.08 0.74 ± 0.09
(µg/depot) 325 ± 26 216 ± 7.1b 339 ± 36

Dorsolumbar fat weight (mg) 268 ± 44 189 ± 12 205 ± 22
DNA (µg/mg of tissue) 0.76 ± 0.09 1.12 ± 0.11 1.29 ± 0.17b

(µg/depot) 190 ± 24 209 ± 19 253 ± 27
Food consumption (kJ/d per animal)c 73 ± 1 75 ± 2 73 ± 1
TG in feces (mg TG/g) 58 ± 9 76 ± 6 60 ± 7
TG in liver (mg TG/g) 159 ± 25 112 ± 6 91 ± 6b

Plasma TG (mg/dL)d 123 ± 9 49 ± 7b 36 ± 13b

aAt 4 mon of age, chow diet-fed mice were divided into groups (n = 7) and fed by control sHFc,
sHFc-F1, or sHFc-F2 diets. Animals were sacrificed at 6 and 1/2 mon of age.
bStatistically significant differences compared to sHFc diet.
cMean food consumption during last 2 months of the experiment.
dAt the time of sacrifice. In animals fed the control sHFf diet (see Table 5), food consumption was 78
± 1 kJ/d per animal. There are different effects of diet on tissue DNA content in various depots
(ANOVA).



corresponded well with the changes in leptin gene expression
in adipose tissue, namely, in epididymal fat, where the expres-
sion was in general much higher than in dorsolumbar fat (Fig.
3). The levels of insulin were similar in mice fed the control
chow or sHFf diets, but were lowered proportionally to the
content of the n-3 PUFA product in the diet (Fig. 2). On the
contrary, blood glucose levels were not affected by dietary

EPA/DHA (not shown). Expression of the GLUT4 gene, the
insulin-regulated form of glucose transporters in adipocytes,
was similar in both fat depots; however, it was about 2-fold
higher in mice fed a standard chow compared to mice fed the
sHFf diet. The expression was partially rescued by both sHFf-
F1 and sHFf-F2 diets (Fig. 3). 

In contrast to the differential effect of the sHFc diet rich in
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FIG 3. The effect of diet composition on transcript levels of leptin and GLUT4 in epididymal and dorsolumbar fat.
Gene expression (arbitrary units) was estimated in total RNA isolated from different fat depots of 5-mon-old mice by
using real-time quantitative PCR and standardized by using cyclophilin-β. For descriptions of the bars and other de-
tails, see Figure 2 and Table 5.

FIG 2. The effect of diet composition on plasma levels of TG, NEFA, leptin, and insulin. Metabolites and hormones
were estimated in plasma of 5-mon-old mice fed either chow diet (open bars), control sHFf diet (coarse hatched
bars), sHFf-F1 diet (fine hatched bars), or sHFf-F2 diet (filled bars). See Table 5 for further details. Data are means ±
SE (n = 8). Asterisks indicate statistically significant differences compared with control sHFf diet. 



DHA (sHFc-F1 diet) or EPA (sHFc-F2 diet) on weight and
DNA content of the epididymal fat, plasma TG levels were
lowered by both diets to a similar extent (Table 6). 

DISCUSSION

In accordance with the previous studies (see introductory sec-
tion) our results showed limited accumulation of epididymal
fat by n-3 PUFA of marine origin admixed to various types of
HF diets. Subcutaneous fat was less affected. During the de-
velopment of obesity induced by cHF diet, accumulation of
epididymal fat was significantly reduced when only 15% of
dietary fat was replaced by lipids of marine origin and the
content of EPA/DHA increased from about 1 to 12% (wt/wt)
of dietary lipids. On the other hand, a larger part of dietary
lipids had to be replaced by EPA/DHA for a significant reduc-
tion of adiposity in mice fed sHF diets, which did not promote
obesity. A similar concentration of EPA/DHA in the sHF diet
reduced adiposity also in rats (2,11). Extrapolation of our
findings in mice fed cHF diets to an obese human, with a typ-
ical daily intake of about 100 g of dietary fat, suggests that
additional daily intake of about 11 g of EPA/DHA would be
required to limit obesity. In a clinical study conducted over 4
mon (13), daily fish meal (3.65 g of n-3 PUFA) in combina-
tion with a fat-restricted diet improved glucose metabolism
and plasma lipid profile more effectively than the weight loss
alone, whereas the combined treatment also tended to depress
body weight more than the restriction of the dietary fat alone.
In another clinical study, substitution of 6g/d of dietary fat by
fish oil (1.8 g of n-3 EPA/DHA) resulted in a significant de-
crease of body fat over 3 weeks of treatment (15).

In accordance with the previous experiments (11), our
study demonstrated that reduced accumulation of body fat in
the EPA/DHA-treated animals did not result from a lower
food consumption. The effect may be secondary to the stimu-
lation of mitochondrial and peroxisomal FA oxidation in liver
and muscle (2,9,11,13,28) and inhibition of hepatic lipogene-
sis and VLDL formation (1,2,4,9,13). These metabolic
changes underlie the hypolipidemic effect of n-3 EPA/DHA,
thus limiting the supply of FA to adipocytes. This idea is in
accordance with our observation that an already low concen-
tration of EPA/DHA contained in the sHFf-F1 diet, that did
not affect adiposity, was sufficient to induce depression of
plasma TG.

Development of obesity and accumulation of body fat may
be also reduced by the modulation of gene expression in
adipocytes. For example, EPA/DHA downregulate lipogenic
genes (1,2,4,9,13) and stimulate expression of mitochondrial
uncoupling proteins 2 and 3 (7,29) in adipose tissue. In our ex-
periments, both DHA- and EPA-rich sHF diets (sHFc-F1 and
sHFc-F2 diets, respectively) lowered plasma TG levels to a
similar extent, whereas adiposity was preferentially decreased
by the former diet (Table 4). These observations support the
idea that the antiadipogenic effect does not result from the
liver- and muscle-mediated hypolipidemia but depends, at least
in part, on another mechanism. Changes in adipose tissue me-

tabolism induced specifically by DHA could be involved. It
has been observed before that natural fish oil (containing
more EPA than DHA) was less potent in reducing the content
of abdominal fat than an EPA/DHA mixture containing more
of the latter PUFA (2). 

The use of sHF diets in our experiments allowed us to
characterize the significance of EFA, that is, ALA (18:3 n-3)
and linoleic (18:2 n-6) acid for the antiadipogenic effect of
EPA/DHA. ALA, abundant in the sHFf diets, is a precursor
of EPA and DHA, but the efficiency of the conversion is low
(see introductory section). Hence, dietary fish oil supplement
is a more effective source of tissue DHA than is dietary ALA
(4,14,30). In agreement with the above data, accumulation of
epididymal fat was reduced by the sHFf-F2 diet, document-
ing that increased dietary intake of EPA/DHA reduces adi-
posity even in the presence of a high content of ALA. FA of
the n-3 series are further metabolized to the group 3 series of
eicosanoids, which could be involved in the antiadipogenic
effect of EPA/DHA in adipocytes [for references, see Lapil-
lonne et al. (9) and Raclot and Oudart (10)]. Linoleic acid
(abundant in sHFc diets) serves as a precursor of arachidonic
acid (20:4n-6) and groups 1 and 2 series of eicosanoids that
promote adipogenesis [for references, see Azain (4), Massiera
et al. (31), and Sessler and Ntambi (32)]. Competition be-
tween EFA occurs at the level of their desaturation and elon-
gation since this metabolic pathway is shared by both FA.
Therefore, abundance of ALA in the sHFf diets limits forma-
tion of arachidonic acid from linoleic acid and, in turn, in-
hibits the synthesis of the adipogenic eicosanoids of the n-6
series (30,31). Moreover, DHA inhibits cyclooxygenase, the
key enzyme involved in the synthesis of these compounds
(33). All these mechanisms could contribute to the reduction
of fat storage due to EPA/DHA admixed to diets rich in ALA.

Enrichment of cHF diet with EPA/DHA at the low dose re-
sulted in a depression of total amount of DNA in epididymal
fat. Since each cell contains a constant amount of DNA, tis-
sue DNA concentration and its amount could be used as
markers of mean cell size and tissue cellularity, respectively.
Apparently, the decrease of adipose tissue weight under these
conditions was due to the reduction in number of cells in the
tissue and not in the mean cell size. Only the higher dose of
EPA/DHA increased DNA concentration in adipose tissue,
indicating a decrease of mean cell size. DNA content of the
epididymal fat was not affected by EPA/DHA-enriched sHFf
diets. The different effect of EPA/DHA on DNA content and
cellularity in animals fed the cHF (and also sHFc), compared
with sHFf diets, could involve the inhibition of the conver-
sion of arachidonic acid into proadipogenic eicosanoids by
DHA, which probably occurs in sHFc and cHF diets. Such an
effect of DHA may not take place in the sHFf diet since for-
mation of arachidonic acid from linoleic acid in this diet is al-
ready inhibited by substrate competition with ALA (see pre-
vious discussion). 

That the effect on cellularity was not noticed in the previ-
ous study (11) may be related to the fact that the number of
mature fat cells rather than the content of DNA was evalu-
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ated. However, DNA content of adipose tissue also decreases
under other circumstances leading to depression of adiposity,
such as the induction of energy dissipation by ectopic uncou-
pling protein 1 in adipocytes (34,35) or due to CR (3,36). Re-
cent studies have shown a selective reduction of fat cell num-
bers by CR in male but not female rats (36) as well as stronger
effect of CR on fat mass and gene expression in visceral than
subcutaneous fat in humans (37). 

Plasma leptin concentrations as well as leptin gene expres-
sion in epididymal fat positively correlated with adiposity
under different dietary regimens, suggesting that leptin secre-
tion from adipose cells followed the changes in adiposity [see
also Hun et al. (7)]. Interestingly, EPA/DHA significantly re-
duced circulating insulin levels in a dose-dependent manner,
suggesting improved whole-body insulin sensitivity and/or
direct effect on pancreatic β-cells [see also Ikemoto et al. (6)].
The expression of glucose transporter GLUT4 partially re-
stored in adipose tissue of mice treated with EPA/DHA sug-
gests that improved insulin sensitivity of adipose tissue could
be responsible, at least partly, for the enhancement in whole-
body insulin sensitivity. 

In summary, our results document augmentation of the anti-
adipogenic effect of EPA/DHA during development of obe-
sity and suggest that EPA/DHA could reduce accumulation
of body fat by limiting both hypertrophy and hyperplasia of
fat cells. Low EPA-to-DHA ratio potentiates the antiadi-
pogenic effect. Increased dietary intake of EPA/DHA may be
beneficial for prevention and treatment of obesity and related
diseases regardless of ALA intake.
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ABSTRACT: The effect of cancer cachexia on the TAG/FA
substrate cycle in white adipose tissue was determined in vivo
using the MAC16 murine model of cachexia. When compared
with non-tumor-bearing animals, the rate of TAG-glycerol pro-
duction was found to be increased almost threefold in animals
bearing the MAC13 tumor, which does not induce cachexia,
but was not further elevated in animals bearing the MAC16
tumor. In both cases TAG-glycerol production and de novo syn-
thesis of TAG-FA were also increased above non-tumor-bearing
animals. In animals bearing the MAC16 tumor, the TAG-FA
rates were significantly higher than in animals bearing the
MAC13 tumor. This suggests that the presence of the tumor
alone is sufficient to cause an increase in cycling rate, and in
the absence of an elevated energy intake (MAC16) this may
contribute to the depletion of adipose tissue.

Paper no. L9569 in Lipids 39, 1187–1189 (December 2004).

Cancer cachexia is associated with a marked loss of host body
weight with depletion of both skeletal muscle and adipose tis-
sue mass. In cancer patients, depletion of lipid stores may reach
85% of the values found in controls matched for pre-illness sta-
ble weight of the cancer patient (1). In animals bearing an ex-
perimental model of cachexia (MAC16 adenocarcinoma), de-
pletion of adipose tissue occurs in the absence of anorexia (2)
and early in the development of the tumor. Lipid mobilization
in this model appears to arise from the production by the tumor
and adipose tissue of a lipid-mobilizing factor (LMF) identical
with the plasma protein zinc α2-glycoprotein (3), the expres-
sion of which increases as weight loss increases (4).

The adipose tissue mass is a balance between the rate of
lipolysis and the rate of esterification of nonesterified FA
(NEFA) into TAG. Both processes can occur simultaneously,
i.e., a high proportion of the NEFA released is immediately
re-esterified, and these reactions are referred to as the
TAG/FA substrate cycle. Using direct injection of tracer into
the interstitial fluid of fat pads, Ookhtens et al. (5) showed a
large decrease in the fractional rate of NEFA esterification in
the epididymal fat pads of mice bearing the Ehrlich ascites
carcinoma with accumulation of NEFA within fat pads. Such
a decreased cycle was suggested as an energy conservation
mechanism to prevent rapid depletion of adipose tissue in the
tumor-bearing state.

In view of the rapid depletion of adipose tissue in the
cachectic state, the rate of the TAG/FA substrate cycle was
measured in vivo in non-tumor-bearing animals and compared
with that in animals bearing two types of transplantable
colonic adenocarcinomas, the MAC16, which induces mobi-
lization of fat stores, and the MAC13, which is of the same
histological type, but which grows without a significant loss
of body fat (6).

EXPERIMENTAL PROCEDURES

Pure-strain male NMRI mice (average weight 26 g) were bred
in our own colony and were transplanted with fragments (1 ×
2 mm) of either the MAC13 or MAC16 tumors into the flank
by means of a trochar as described previously (2). Animals
were given free access to both food (Special Diet Services,
Essex, United Kingdom) and water. For animals bearing the
MAC16 tumor, experiments were performed when the ani-
mals had an average weight loss of 5.58 ± 0.53 g (21%), and
for animals bearing the MAC13 tumor, experiments were per-
formed when the tumor volume was comparable with that in
animals bearing the MAC16 tumor.

Each animal was injected with 3H2O (10 mCi/kg) i.p. and
after 3 h adipose tissue was removed and immediately frozen.
The frozen tissue was weighed, homogenized in 15 mL of
chloroform/methanol (2:1 vol/vol), and washed with 3 mL of
water and twice with 3 mL of methanol/water (1:1 vol/vol) as
described previously (7). The aqueous layer was removed and
the lipid phase was evaporated under a stream of nitrogen. To
each sample 3 mL of ethanol and 3 mL of 30% (wt/vol) KOH
were added together with tracer [14C]glycerol (1000 dpm),
and saponification was achieved by heating at 70°C for 2 h.
The cooled samples were acidified with 1.8 mL of 60%
(wt/vol) HClO4, and the NEFA was extracted twice with 10
mL of petroleum ether (b.p. 40–60°C). After evaporation of
the petroleum ether under a stream of N2, the radioactivity in
the residue was determined in Optiphase Hisafe II scintilla-
tion fluid. The aqueous phase was neutralized with 20%
KOH, and the insoluble KClO4, was removed by centrifuga-
tion (1000 × g). A portion (0.5 mL) of the supernatant was
dried under N2 at 60–70°C, and the radioactivity was deter-
mined as described above with a Packard Tri-carb 2000CA
liquid-scintillation analyzer programmed to yield dpm for 3H
and 14C. The rate of cycling was calculated as described in
Hansson et al. (7). De novo synthesis of TAG-FA was calcu-
lated by dividing the 3H radioactivity of the NEFA in the pe-
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troleum ether extract by the specific activity of 3H2O times
13.3. Synthesis of TAG-glycerol was calculated from the 3H
radioactivity of the aqueous sample (corrected for recovery
of [14C] glycerol) divided by three times the specific radioac-
tivity. The cycling rate is the total esterification rate minus the
esterification rate of FA synthesized de novo, i.e., three times
the TAG synthesis rate minus the TAG-FA synthesis rate.
3H2O (sp act 5 mCi/mL) was purchased from Amersham Life
Science Products (Buckinghamshire, United Kingdom, and
[14C]glycerol (sp act 157 mCi/mmol) from New England Nu-
clear (Stevenage, Herts, United Kingdom). Another group of
animals received Tyloxapol [Triton WR 1339; 0.1 mL of a
10% (wt/vol) aqueous solution per 26 g mouse] by tail-vein
injection 1 h prior to the 3H2O. Control animals received 0.1
mL of 0.9% NaCl. The plasma TAG concentrations were de-
termined with a TAG diagnostic kit (Sigma Diagnostic,
Dorset, United Kingdom). Results are presented as mean ±
SEM Differences between means was determined by one-way
ANOVA, followed by Tukey’s post-test.

RESULTS

The effect of exogenous NEFA on the synthesis rate of TAG
and the cycling rate were determined by the use of Tyloxapol,
an inhibitor of lipoprotein lipase (8). Administration of Ty-
loxapol to both non-tumor-bearing animals and to animals
bearing either the MAC13 or MAC16 tumors caused an in-
crease in the plasma TAG concentration (Table 1). However,
there was no effect of this agent on either the synthesis rate of
TAG-glycerol or the cycling rate, as shown in Table 2, sug-
gesting that the rate of esterification of exogenous FA is low
and does not affect the rate of cycling.

The rates of TAG-glycerol production, de novo synthesis
of TAG-FA and the TAG/FA substrate cycling rate in epididy-
mal adipose tissue of non-tumor-bearing mice or in animals
bearing either the MAC13 or MAC16 tumors are shown in
Table 2. In non-tumor-bearing animals, the in vivo rate of
TAG/FA cycling is similar to that reported by Hansson et al.
(7) in white adipose tissue in fed virgin rats. In animals bear-
ing both the MAC13 and MAC16 tumors, both the TAG-glyc-
erol and TAG-FA synthesis rates were significantly elevated
over those found in the epididymal adipose tissue of non-
tumor-bearing mice. In addition, in animals bearing the
MAC13 tumor, the rate of TAG/FA cycling was increased al-
most threefold over that found in non-tumor-bearing animals,
but was not further elevated in animals bearing the MAC16
tumor. Only the synthesis of TAG-FA was significantly ele-

vated in animals bearing the MAC16 tumor when compared
with animals bearing the MAC13 tumor.

DISCUSSION

The method employed in the present study for the measure-
ment of the TAG/FA cycling rates assumes a negligible ester-
ification of exogenous NEFA. This assumption was shown to
be correct by the use of Tyloxapol, which decreases the rate
of removal of TAG from the plasma by inhibiting lipoprotein
lipase activity (8). However, despite the increase in plasma
TAG concentration, neither the synthesis rate of TAG-glyc-
erol nor the cycling rate was decreased. This suggests that the
rate of esterification of exogenous FA is low under the condi-
tions of the present experiment and consequently does not af-
fect the rate of cycling.

This study shows that the futile cycle of NEFA esterifica-
tion and hydrolysis is significantly enhanced in tumor-bear-
ing animals, although surprisingly, is not further elevated in
the cachectic state. This may arise from the fact that both
glycerol and NEFA released from adipose tissue and utilized
are not taken into account using the present methodology. The
increase in cycling rate in animals bearing the MAC13 tumor
(4.09 µmol/h per g wet wt) would result in an ATP consump-
tion of 13.6 µmol/h per g wet wt, assuming 3.33 molecules of
ATP are hydrolyzed per molecule of re-esterified FA (7). Such
an effect would result in depletion of adipose tissue if energy
intake remained normal. However, animals bearing the
MAC13 tumor show an increased food intake (16.4 ± 0.3
kcal/d) compared with non-tumor-bearing controls (15.3 ±
0.3 kcal/d), reflecting an increased energy requirement in the
tumor-bearing state (6). In contrast, animals bearing the
MAC16 tumor showed no change in energy consumption
(15.1 ± 0.3 kcal/d) compared with non-tumor-bearing ani-
mals. Such an inability to compensate for an increased energy
demand would contribute to the loss of adipose tissue in ani-
mals bearing the MAC16 tumor.
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TABLE 2
Effect of the Tumor-Bearing State and Cachexia on Rates 
of TAG-Glycerol and TAG-FA Synthesis and Rate of TAG/FA 
Substrate Cycling in Epididymal Adipose Tissuea

Rate (µmol/h/g wet wt.)

TAG- TAG/FA
Group glycerol TAG-FA cycling

Non-tumor-bearing 0.77 ± 0.14 0.060 ± 0.005 2.25 ± 0.40
+ Tyloxapol 0.92 ± 0.21 0.070 ± 0.02 2.62 ± 0.47
MAC13 2.18 ± 0.21c 0.20 ± 0.01c 6.34 ± 0.62c

+ Tyloxapol 2.41 ± 0.19 0.22 ± 0.01 7.39 ± 0.70
MAC16 2.53 ± 0.28c 0.34 ± 0.02b,c 7.25 ± 0.81c

+ Tyloxapol 3.02 ± 0.31 0.36 ± 0.02 8.44 ± 1.31
aResults are expressed as mean ± SEM for six animals per group.
bP < 0.01 compared with animals bearing the MAC13 tumor.
cP < 0.001 compared with non-tumor-bearing controls.

TABLE 1
The Effect of Tyloxapol on Plasma TAG Concentrationa

Plasma TAG (mg/100 mL)

Group NaCl Tyloxapol

Non-tumor-bearing 249 ± 50 569 ± 107
MAC13 141 ± 60 276 ± 21
MAC16 137 ± 35 437 ± 142
aResults are expressed as mean ± SEM for six animals per group.
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ABSTRACT: The aim of this research was to investigate the ef-
fect of fish oil supplementation, in the third trimester of pregnancy
and early lactation period of healthy pregnant Danish women.
Forty-four pregnant women were randomly allocated to fish oil
supplementation (1.3 g EPA and 0.9 g DHA per day) from week
30 of gestation (FO-group) or to a control regimen (olive oil or no
oil; controls). The FO-group was randomly subdivided into
women stopping fish oil supplementation at delivery [FO(pregn)],
and women continuing supplementation for an additional 30 d
[FO(pregn/lact)]. Thirty-six women agreed to collect milk sam-
ples at days 4, 16, and 30 postpartum. The FA composition of the
milk samples was determined by GLC. At days 4, 16, and 30 in
lactation, FO(pregn/lact) women (n = 12) had, respectively 2.3 (P
= 0.001), 4.1 (P = 0.001), and 3.3 (P = 0.001) times higher mean
contents of LCPUFA(n-3) in their breast milk compared with con-
trols (n = 13), and 1.7 (P = 0.005), 2.8 (P = 0.001), and 2.8 (P =
0.001) times higher LCPUFA(n-3) contents, respectively, at these
days compared with FO(pregn) women (n = 11). The latter group
did not differ significantly from controls with regard to LCPUFA(n-3)
content in the breast milk. Similar results were obtained when
analyzing separately for effects on the milk content of DHA. Di-
etary supplementation with 2.7 g LCPUFA(n-3) per day from
week 30 of gestation and onward more than tripled the LC-
PUFA(n-3) content in early breast milk; supplementation limited
to pregnancy only was much less effective.

Paper no. L9607 in Lipids 39, 1191–1196 (December 2004). 

Docosapentaenoic acid (DPA, 22:5n-3) is a main component
of structural lipids in the human brain and retina, as is docosa-
hexaenoic acid (DHA), 22:6n-3) (1,2). In the early months
postnatally, DHA increases substantially  and constitutes be-
tween 25 and 60% of the phospholipid FA in these tissues (3,4).
Earlier studies demonstrated that growing rats and monkeys

fed a diet deficient in n-3 FA had behavioral changes, abnor-
mal retinal responses to light, and poorer visual acuity devel-
opment as compared with controls (3,5). These disturbances
seem to be irreversible, since visual acuity did not reverse when
the animals were fed long-chain n-3 PUFA [LCPUFA(n-3)] as
adults, indicating an early critical period for the accumulation
of DHA in neural tissues (6). Data suggest that these findings
can be applied to humans, since preterm as well as term infants
fed breast milk or diets supplemented with LCPUFA(n-3) had
a better visual acuity  (7–11) and mental capacity (12) than in-
fants fed diets low in DHA. 

The issue of essentiality of DHA and other LCPUFA(n-3)
for newborn infants has primarily been discussed in relation to
infant milk formulas, which as commercial products have been
supplemented relatively recently with LCPUFA(n-3). How-
ever, the exact quantities of n-3 FA needed by newborn infants
remain to be established, and it is possible that the content of
these FA in breast milk is also critical. It is therefore important
to identify factors determining the LCPUFA (n-3) level of early
human breast milk. 

Several observational studies (13–18), two nonrandomized
intervention studies (19,20), and one randomized controlled
trial (21) strongly suggest that the dietary supply of LC-
PUFA(n-3) to lactating women is the major determinant of the
LCPUFA(n-3) content in breast milk. However, little seems to
be known about the relationship of fish oil intake in pregnancy
to the pattern of LCPUFA(n-3) concentration in breast milk in
the early lactation period. Since recent evidence suggests an ef-
fect of LCPUFA(n-3) ingested in pregnancy on the duration of
pregnancy and on preterm delivery (22,23), pregnant women
may be recommended to increase their n-3 FA intake for this
reason alone. We set out to test the hypotheses that (i) dietary
supplementation of n-3 FA solely during pregnancy increases
the n-3 FA content in the early breast milk, and also that (ii)
continued supplementation after delivery is needed for a sus-
tained increase over a longer period of time. 

We have undertaken a randomized, controlled trial to com-
pare the effects on the n-3 FA content of human breast milk
during the first 30 d after delivery of the following three treat-
ment regimens: (i) fish oil supplementation from week 30 of
gestation until delivery, (ii) fish oil supplementation from week
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30 of gestation and continued after delivery during the period
of milk collection; and (iii) no fish oil supplementation.

SUBJECTS AND METHODS

Trial design. The present study is part of a larger community-
based randomized controlled trial of fish oil supplementation
in pregnancy (22). The aim of the larger trial was to test
whether fish oil supplementation among pregnant Danish
women could prolong the duration of pregnancy and thereby
explain the increased birth weight and longer gestation periods
in the Faroe Islands compared with Denmark (22). Since, at the
time the trial was planned, which types of controls would be
most appropriate was not clear, we decided to use two different
control groups, one receiving olive oil and the other receiving
no oil; thus, women were randomized in the ratio 2:1:1 to re-
ceive fish oil capsules (FO-group), olive oil capsules (control-
1), or no oil capsules (control-2). For the purpose of the pre-
sent study, we combined the two control groups into one since
we expected olive oil to be inert in relation to the outcome stud-
ied (DHA content of maternal milk). A consecutive sample of
44 of the women enrolled in the trial were asked to participate
in the present study involving the collection of milk samples;
36 women accepted. The women allocated to treatment with
fish oil in pregnancy were further divided randomly into two
groups, one of which followed the usual regimen of stopping
supplementation at delivery [FO(pregn), n = 11)], and the other
of which was asked to continue fish oil supplementation for an
additional 30 d [FO(pregn/lact), n = 12]. Women who had been
allocated to the control group (controls, n = 13) received in
pregnancy one of two control treatments: One was given olive
oil until delivery (control-1), and the other was given no sup-
plementation at all (control-2); no treatment was given post-
partum. A sketch of the design is given in Figure 1.

The study protocol was approved by the Regional Scien-
tific-Ethical Committee of the County of Aarhus, Denmark.

The oil supplements. The fish oil supplement consisted of
four 1-g gelatine capsules with Pikasol® (Lube A/S, Hadsund,
Denmark) fish oil TAG [32% eicosapentaenoic acid (EPA,
20:5n-3), 23% DHA, and 2 mg tocopherol/mL)], correspond-
ing to 1.3 g EPA and 0.9 g DHA acid per day (the dose used
was determined in such a way that it exceeded the difference
between intake of marine n-3 FA in the Faroe Islands and Den-
mark, see the Trial design section). The olive oil supplement
consisted of four 1-g capsules of olive oil per day [72% oleic
acid (18:1n-9) and 12% linoleic acid (18:2n-6)].

Milk collection, handling, and storage. The day after deliv-
ery, the women received written information about the proce-
dure for collecting the milk samples. Milk samples were hand-
expressed by the mothers at days 4, 16 and 30 after delivery at
the hospital or at home. For each milk sample, 1–3 mL of breast
milk was collected into two plastic containers,  one from the
very beginning and one from the end of a milk-giving (24). All
samples were taken from a morning milk-giving and from one
breast only.

The milk samples were stored in a refrigerator (5°C) until

collected by one of the research workers (i.e., .5–8 h after ex-
pression) and then stored for 3 to 6 mon at −52°C until transfer
to the lipid laboratory. Before freezing, four drops of BHT
(0.01%, 100 mg/L ethanol) was added to each container to pre-
vent oxidation (24).

All samples were stored and analyzed, with the only identi-
fication being the original cryptographed numbers.

Milk analyses. All solvents were of analytical grade. The
extraction procedure was based on the method of Bitman et al.
(25), as recommended by Jensen et al. (24). However, lipase
inactivation by heating was omitted. At the lipid laboratory,
samples were stored at −30°C for up to 2 wk before analysis.
The samples were slowly thawed at room temperature and
placed in a water bath at 38°C for 15 min. The tubes were gen-
tly inverted 10 times to mix the cream layer. For each milk
sample, aliquots with equal volumes of milk (usually 600 L)
from the beginning and end of a milk-giving were transferred
to a mixing tube. The tube was held at 38°C for a few minutes
and inverted several times before 1 mL was taken for extrac-
tion, according to Bitman et al. (25), using 18 mL of
dichloromethane + methanol (2 + 1, vol/vol), with 0.01% BHT.
The headspace above the sample was flushed with nitrogen,
covered, and mechanically homogenized (UltraTurrax) for 30
s. Saline (0.7% sodium chloride, 6 mL) was then added, the
headspace was flushed with nitrogen, and the tubewas  shaken
10 times and then centrifuged at 10°C for 10 min at 260 ×
gaver.

The extracts were used for gravimetric determination of the
extracted lipid (in duplicate) and for preparation of methyl es-
ters for GC (in duplicate, with and without internal standards).
For gravimetry, the solvent was removed under a nitrogen flow
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FIG. 1. Step 1: A consecutive sample of 44 women was drawn from the
larger trial (see Ref. 22). Step 2: Women were asked to participate in
the milk study. Step 3: The fish oil group was randomly divided (1:1)
into two groups. Step 4: The control groups were combined for statisti-
cal analysis. FO treatment, fish oil supplemented from week 30 of ges-
tation; FO(pregn), fish oil supplemented during pregnancy only;
FO(pregn/lact), fish oil supplemented during both pregnancy and lacta-
tion; control-1, olive oil supplemented during pregnancy; control-2,
women receiving no oil capsules; controls, control-1 and control-2
combined.



at 30–35°C, and the weighing glass was held at 105°C for 2 h.
Methyl ester preparation was carried out essentially as de-
scribed in AOCS method Ce 1b-89 (26), using saponification
and transmethylation by methanolic sodium hydroxide, fol-
lowed by boron trifluoride-catalyzed methylation. After addi-
tion of a saturated sodium chloride solution, methyl esters were
extracted into heptane. Heptadecanoic and tricosanoic acids
were added as internal standards.

GC. An HP-5890 gas chromatograph (Hewlett-Packard,
Avondale, PA) with a capillary injection port, an HP-7673A au-
tosampler, and an FID was used. Samples (2.0 L) were injected
in split mode (split ratio 1:50) onto an SP-2330 (Supelco,
Bellefonte, PA) fused-silica capillary column (30 m × 0.32 mm;
0.2 m of 68% cyanopropyl phenylpolysilooxane as the station-
ary phase). The injection and detection temperatures were 250
and 240°C, respectively. The initial oven temperature of 140°C
was immediately raised at a rate of 3°C/min to 200°C, held for
1 min, increased further at the same rate to 220°C, and finally
held at this temperature for 9 min. Helium was used as carrier
gas at a flow of 21 cm/s. Integration was carried out by an HP-
3396A integrator with data transfer to a computer using HP-
3393A/3396A file- server software (Hewlett-Packard).

Calculations. Relative FA composition (% distribution) was
calculated as area percent (area%) distribution without the use
of a response. FA shorter than 10 carbons were not determined
by the method used. BHT-derived peaks did not coelute with
FAME, and their areas were excluded from calculations.

The total lipid contents are shown as results from the basic
gravimetric determinations.

Statistics. Differences between group means were tested by
Student’s t-test or ANOVA.

RESULTS

The three study groups were similar in baseline characteristics
with regard to maternal age at delivery, prepregnant weight,
parity, and percentage of smokers (data not shown).

General pattern. In the course of lactation we observed a
decline in total milk LCPUFA(n-3) content among all three
study groups (Table 1). A drastic decline in DHA and total
LCPUFA(n-3) content of the very first breast milk (colostrum)
was seen in the FO(pregn) group, which stopped fish oil sup-
plementation at delivery; at the end of the study period these
women had nearly reached the levels of the respective controls.
Total lipid concentration was independent of the treatment reg-
imen throughout the study period.

FO(pregn/lact) vs. controls. Compared with the controls,
women who received fish oil during pregnancy and lactation
had 2.3 (P = 0.001), 4.1 (P = 0.001), and 3.3 (P = 0.001) times
higher levels of LCPUFA(n-3) at days 4, 16, and 30, respec-
tively. The DHA levels in milk from mothers who continued
fish oil supplementation were 2.1 (P = 0.001), 3.6 (P = 0.001),
and 2.8 (P = 0.001) times higher than the levels found in milk
from controls. 

FO(pregn/lact) vs. FO(pregn). Women who received fish
oil during both pregnancy and lactation had 1.7 (P = 0.005),

2.8 (P = 0.001), and 2.8 (P = 0.001) times higher levels of LCP-
UFA(n-3) at days 4, 16, and 30, respectively, than did women
who received fish oil only during pregnancy. Estimations of
DHA at days 4, 16, and 30, respectively, showed 1.5 (P = 0.05),
2.6 (P = 0.001), and 2.4 (P = 0.001) times higher DHA levels
in milk from women who received fish oil supplements during
both pregnancy and lactation compared with women who re-
ceived supplements only during pregnancy. 

FO(pregn) vs. controls. Women who received fish oil only
during pregnancy tended to have somewhat higher levels (al-
though not significant) of LCPUFA(n-3) and DHA in their
breast milk, compared with the controls.

DISCUSSION

Our results demonstrate that supplementing the maternal diet
of Danish women, who have an estimated mean intake of 0.25
g LCPUFA(n-3) (27) per day, with 2.7 g LCPUFA(n-3) per day,
from week 30 of gestation through the first month of lactation,
more than tripled the n-3 FA content and doubled the concen-
tration of DHA in early human milk.

The steady decline in total milk LCPUFA(n-3) observed
during the first month of lactation is in agreement with findings
from observational studies of human milk (28,29). We ob-
served a very rapid decrease in the LCPUFA(n-3) content in
milk from women who stopped fish oil supplementation at de-
livery; thus, already at day 4 after delivery the LCPUFA(n-3)
level in milk from women who stopped supplementation dif-
fered significantly from the LCPUFA(n-3) level measured in
milk from women who continued supplementation. This
prompt decline in LCPUFA(n-3) content is in agreement with
established knowledge of the mechanisms of regulation and in-
corporation of dietary FA into milk TAG (30,31). In milk TAG
most of the long-chain FA—which usually constitute about
95% of milk FA—are derived from dietary fat and mobilized
adipose stores, in contrast to the relatively small proportion of
medium-chain FA, which are synthesized by the mammary
gland itself (32,33). During lactation, the activity of lipoprotein
lipase, the enzyme that regulates extrahepatic uptake of dietary
FA from plasma, is markedly increased in the mammary gland
and is decreased in adipose tissue (31), thereby leading the milk
TAG more exclusively to reflect the dietary FA intake.

Mean levels of EPA and DHA in this study are comparable
to the findings of Innis and Kuhnlein (14), who studied the n-3
FA in breast milk of Inuit women consuming traditional foods.
Compared with a control group of women living in Vancouver,
Canada, they report levels of EPA and DHA, as the percentage
of total FA (±SEM), of 1.1% (±0.3) and 1.4% (±0.4), respec-
tively, for Inuit women and 0.2% (±0.2) and 0.4% (±0.1), re-
spectively, for Vancouver women. In our study the respective
findings at the end of the study period were 0.7% (±0.11) EPA
and 1.4% (±0.17) DHA for women who received supplements
of fish oil during pregnancy and lactation, and 0.1% (±0.02)
EPA and 0.5% (±0.04) DHA for the control group. The levels
of DHA and EPA in the control group are in agreement with
another Danish study reporting DHA levels in breast milk of
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TABLE 1
FA Pattern of Human Breast Milk at Days 4, 16, and 30 After Deliverya

Group FO(pregn/lact)b FO(pregn)c Controls

Day 4 16 30 4 16 30 4 16 30
Number 12 11 10 10 11 11 13 12 11

10:0 0.3 0.7 0.8 0.3 0.6 0.7 0.3 0.6 0.6
(0.04) (0.09) (0.10) (0.04) (0.10) (0.08) (0.04) (0.07) (0.05)

12:0 2.2 4.1 4.0 2.0 3.4 3.7 1.9 2.8 2.7
(0.32) (0.63) (0.57) (0.23) (0.52) (0.37) (0.19) (0.38) (0.27)

14:0 4.9 5.8 6.1a 5.1 5.2 7.6a,b 4.5 4.8 4.4b

(0.43) (0.60) (0.65) (0.42) (0.61) (1.80) (0.30) (0.38) (0.28)
16:0 24.5 22.9 23.6 25.7 24.2 21.8 25.0 23.2 23.3

(0.60) (0.62) (0.54) (0.57) (0.66) (2.05) (0.64) (0.51) (0.61)
16:1n-7 2.7 2.5 2.5 2.5 3.2 3.1 2.7 2.4 2.7

(0.20) (0.22) (0.21) (0.25) (0.39) (0.39) (0.23) (0.16) (0.19)
17:0 0.7 0.6 0.6 0.6 0.5 0.7 0.6 0.6 0.5

(0.08) (0.11) (0.04) (0.09) (0.06) (0.25) (0.06) (0.07) (0.06)
18:0 7.7 9.0 9.2 8.0 8.4 8.1 8.0 8.8 8.0

(0.32) (0.38) (0.29) (0.39) (0.54) (0.55) (0.30) (0.32) (0.77)
18:1n-9 35.1 32.7 31.2 34.3 36.0 35.5 36.2 37.6 36.9

(1.03) (2.93) (3.20) (0.81) (1.37) (0.93) (0.84) (0.92) (0.97)
18:2n-6 10.7 11.2 11.1 10.7 11.2 11.9 10.7 12.3 12.9

(0.29) (0.60) (0.64) (0.38) (0.64) (0.80) (0.45) (0.66) (0.97)
18:3n-3 0.9 1.1 1.0 1.0 1.1 1.1 0.9 1.2 1.2

(0.05) (0.09) (0.11) (0.06) (0.16) (0.16) (0.08) (0.10) (0.14)
20:0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

(0.02) (0.02) (0.03) (0.02) (0.02) (0.02) (0.03) (0.03) (0.03)
20:2n-6 0.7 0.4 0.4 0.7 0.5 0.4 0.8 0.5 0.4

(0.03) (0.01) (0.02) (0.05) (0.02) (0.01) (0.06) (0.04) (0.02)
20:3n-6 0.6 0.4 0.3a 0.6 0.4 0.4b 0.6 0.4 0.4b

(0.03) (0.03) (0.02) (0.06) (0.04) (0.02) (0.06) (0.03) (0.04)
20:4n-6+20:3n-3 0.9 0.7 0.5a 0.9 0.7 0.6a 0.9 0.7 0.7b

(0.03) (0.04) (0.04) (0.05) (0.05) (0.03) (0.05) (0.04) (0.03)
20:4n-3 0.3 0.3 0.2a 0.2 0.1 0.1b 0.2 0.1 0.1b

(0.02) (0.03) (0.02) (0.01) (0.01) (0.02) (0.03) (0.01) (0.01)
20:5n-3 0.6 0.9 0.7a 0.2 0.2 0.2b 0.2 0.1 0.1c

(0.11) (0.14) (0.11) (0.05) (0.02) (0.03) (0.03) (0.02) (0.02)
22:5n-3 0.9 0.7 0.6a 0.6 0.3 0.3b 0.4 0.2 0.2c

(0.07) (0.12) (0.09) (0.06) (0.02) (0.01) (0.06) (0.03) (0.02)
22:6n-3 1.8 1.8 1.4a 1.2 0.7 0.6b 0.9 0.5 0.5b

(0.18) (0.24) (0.17) (0.14) (0.04) (0.05) (0.06) (0.04) (0.04)

Othersd 4.2 3.9 5.5 5.1 3.0 2.9 4.9 2.9 4.1

LCPUFA(n3)e 3.3 3.4 2.8a 2.0 1.2 1.0b 1.5 0.8 0.8b

(0.32) (0.46) (0.34) (0.22) (0.08) (0.09) (0.12) (0.05) (0.08)
n-3f 4.5 4.8 4.0a 3.2 2.5 2.3b 2.5 2.1 2.1b

(0.36) (0.49) (0.41) (0.25) (0.13) (0.25) (0.10) (0.13) (0.18)
n-6g 12.0 12.0 11.8 12.0 12.1 12.8 12.1 13.3 13.8

(0.30) (0.59) (0.65) (0.38) (0.64) (0.80) (0.48) (0.71) (0.98)

TLCh 38.2 41.6 44.9 29.5 42.5 48.2 36.9 49.8 42.0
(3.2) (3.4) (4.1) (3.4) (3.1) (3.3) (3.5) (5.4) (2.5)

aResults are given as % of total FA. Numbers in parentheses indicate SEM. Pairwise significance tests for differences be-
tween means were performed only for samples taken at day 30. Different superscript roman letters (a, b, or c) indicate sta-
tistically significant different means (P < 0.05) in pairwise comparisons.
bStudy group receiving fish oil supplementation in both pregnancy and the first month of lactation.
cStudy group receiving fish oil supplementation only in pregnancy.
dOther FA include 6:0, 8:0, 18:1n-7, 18:3n-6, 20:1n-11/n-9,  22:1n-11/n-9,  24:0, and 24:1. 
eLCPUFA(n-3), 20:5n-3 + 22:5n-3 + 22:6n-3.
fn-3, 18:3n-3 + 20:4n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3.
gn-6, 18:2n-6 + 20:2n-6 + 20:3n-6.
hTLC, total lipid content, g/L (SEM).



women who received no fish or supplements of 0.49% (0.20)
[mean (SD)] and EPA levels of 0.13% (0.07) (34). 

The dietary requirements of DHA and other LCPUFA(n-3)
for the newborn infant are still unknown, but recommendation
of a daily intake of essential PUFA (n-3 and n-6) of 600–800
mg/kg, with a total proportion of n-3 FA 70-150 mg/kg/d, has
been proposed (10). Recent evidence suggests that the desatu-
ration and elongation systems are not fully active during the
early postnatal period and that the newborn child may there-
fore be dependent on preformed dietary sources of the long-
chain derivatives of EFA (35). It has been proposed that at least
half the n-3 FA supply should be provided as LCPUFA(n-3)
(i.e., 40–75 mg/kg/d), and preformed dietary DHA is known to
be incorporated into developing brain at 10 times the rate of its
precursor, α-linolenic acid (36). When dealing with an approx-
imate daily intake of 500–600 mL breast milk by newborn term
infants, the infants in our study would have an average supply
of 700–850 mg LCPUFA(n-3)/d (i.e., 200–240 mg/kg/d) when
nursed by mothers receiving fish oil supplements, and a supply
of 200–240 mg LCPUFA(n-3) (i.e., 55–70 mg/kg/d) if no sup-
plements had been given. Most Danish lactating women on a
normal unsupplemented diet thus meet the recommendations
of Uauy et al. (10) and supply sufficient levels of LCPUFA (n-
3) to their infants. However, adequate data for estimating the
optimal intake of n-3 FA during pregnancy and infancy are still
lacking, and the question may be particularly critical when dis-
cussing aspects of the nutrition of preterm neonate who have
not benefited from a placental supply of LCPUFA(n-3) in the
last trimester.

With a total lipid concentration of 3 to 5% (15,37,38) in
human breast milk, lipids account for about half of the energy
supply to the newborn. Whether dietary fish oil intake in the
lactation period reduces the total lipid concentration in breast
milk has been discussed (39), as it may interfere critically with
normal growth and development. In our study, we did not find
significant effects on the total milk lipid content after fish oil
supplementation. There is also evidence to suggest that dietary
arachidonic acid (20:4n-6) is needed to obtain normal growth
in infancy (40,41). With the GC column used for our analyses,
20:3n-3 and 20:4n-6 were not quantified separately. Usually,
however, 20:3n-3 occurs primarily as an intermediate from the
anabolism of α-linolenic acid and is of minor quantitative im-
portance in the dietary supply of FA. Ferris and Jensen (42)
have reviewed the literature on breast milk and have found that
in two (out of six) papers both figures, 20:3n-3 represented be-
tween 5 and 15% of 20:4n-6 (43,44). In our study, later analy-
ses of six milk samples allowed calculation of the area% of
20:3n-3. In all cases, the area% of this FA was below 0.1%, and
in five out of six samples, it was less than 10% of the arachido-
nate area. On the basis of these findings, we consider the mixed
peak area% to be usable as an n-6 FA area and conclude that
no significant effect seems to be present on the arachidonic acid
content in the breast milk of mothers receiving fish oil supple-
ments. 

This randomized study confirms the findings from earlier
observational (14,15,19), (45) and intervention studies (21,46)

that the DHA content in particular, and the n-3 FA content in
general, of breast milk is strongly influenced by the amount of
LCPUFA(n-3) ingested by the woman. Furthermore, the results
demonstrate the need for a continued intake of dietary LCP-
UFA(n-3) into the lactation period if one wishes to maintain an
increase in the LCPUFA(n-3) content in breast milk.
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ABSTRACT: There is increased consumer awareness that
foods contain microcomponents that may have beneficial ef-
fects on health maintenance and disease prevention. In milk fat
these functional food components include EPA, DHA, and CLA.
The opportunity to enhance the content of these FA in milk has
improved as a result of recent advances that have better defined
the interrelationships between rumen fermentation, lipid me-
tabolism, and milk fat synthesis. Dietary lipids undergo exten-
sive hydrolysis and biohydrogenation in the rumen. Milk fat is
predominantly TG, and de novo FA synthesis and the uptake of
circulating FA contribute nearly equal amounts (molar basis) to
the FA in milk fat. Transfer of dietary EPA and DHA to milk fat
is very low (<4%); this is, to a large extent, related to their ex-
tensive biohydrogenation in the rumen, and also partly due to
the fact that they are not transported in the plasma lipid fractions
that serve as major mammary sources of FA uptake (TG and
nonesterified FA). Milk contains over 20 isomers of CLA but the
predominant one is cis-9,trans-11 (75–90% of total CLA). Bio-
medical studies with animal models have shown that this isomer
has anticarcinogenic and anti-atherogenic activities. cis-9,trans-
11-CLA is produced as an intermediate in the rumen biohydro-
genation of linoleic acid but not of linolenic acid. However, it
is only a transient intermediate, and the major source of milk
fat CLA is from endogenous synthesis. Vaccenic acid, produced
as a rumen biohydrogenation intermediate from both linoleic
acid and linolenic acid, is the substrate, and ∆9-desaturase in the
mammary gland and other tissues catalyzes the reaction. Diet
can markedly affect milk fat CLA content, and there are also
substantial differences among individual cows. Thus, strategies
to enhance milk fat CLA involve increasing rumen outflow of
vaccenic acid and increasing ∆9-desaturase activity, and through
these, several-fold increases in the content of CLA in milk fat
can be routinely achieved. Overall, concentrations of CLA, and
to a lesser extent EPA and DHA, can be significantly enhanced
through the use of diet formulation and nutritional management
of dairy cows.

Paper no. L9574 in Lipids 39, 1197–1206 (December 2004).

Historically, the goal of agricultural research has been to in-
crease yield and productive efficiency, with little focus given
to improving the nutrient profile of food products. Mounting
research evidence and consumer awareness of the potential
health benefits of various microcomponents in foods has
given rise to the concept of functional foods and helped cre-

ate a demand for foods with improved nutrient profiles (1).
Thus, producers and scientists are interested in research and
agricultural practices that may improve the nutrient profile of
food products (2). One such example is the dairy industry and
recent efforts to modify the composition of milk fat.

Milk and dairy products are recognized as important
sources of nutrients in human diets, providing energy, high
quality protein, and essential minerals and vitamins (3,4).
Milk fat is responsible for many of the sensory, physical, and
manufacturing properties of dairy products (5). However,
milk fat is relatively more saturated than most plant oils, and
this has led to a negative consumer perception and a public
health concern related to excessive intake of saturated fats.

Milk fat content and FA composition can be significantly
altered through nutrition of the dairy cows, offering the oppor-
tunity to respond to market forces and human health recom-
mendations (6). The impact of dairy cow nutrition on fat con-
tent and FA composition of milk has been extensively re-
viewed (6–12). Due to increased consumer awareness of the
link between diet and health, research has focused on altering
the FA composition of cows’ milk to achieve a FA profile con-
sistent with consumer perceptions and health recommenda-
tions. In the past, much of this work has involved studies in
which whole-scale changes have been the goal, whereby large
shifts in the saturated to PUFA ratio have been sought. Mod-
est changes have been achievable, but this can lead to prob-
lems relating to product quality and stability.

Recent research has demonstrated that generalizations about
fat and FA are of little value and often lead to misleading and
erroneous public understanding. Instead, one must consider the
biological effects and nutritional value on the basis of individ-
ual FA. The focus of this review is on the nutritional manipula-
tion of omega-3 FA and CLA, and possible constraints to their
enhancement in milk and dairy products. These FA are of par-
ticular interest because of their potential benefits to human
health. However, modification of the FA content of milk fat in
dairy cows is impacted significantly by the extensive metabolism
of lipids that occurs in the rumen. Hence, we will also provide
a brief background on lipid metabolism in the rumen and milk
fat synthesis.

RUMINANT LIPID METABOLISM

Lipid metabolism in the rumen. Our understanding of lipid
metabolism in the rumen and the effect of specific FA on ru-
minant metabolism has increased significantly in recent years.
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Analytical developments that improved our ability to quan-
tify the intermediates of FA metabolism have played a major
role in these advances. Diets consumed by lactating dairy
cows are low in fat content, generally containing only about
4–5% lipid. The predominant PUFA in ruminant diets are
linolenic acid and linoleic acid, the former derived principally
from forage crops and the latter being a major component of
the oilseeds and concentrates that are fed to dairy cows.

The rumen of a dairy cow has a 40- to 50-L fluid volume
with 1010 to 1011 bacteria and 105 to 106 protozoa per milli-
liter of rumen contents. When dietary lipids enter the rumen,
the initial step in lipid metabolism is the hydrolysis of the
ester linkages found in TG, phospholipids, and glycolipids,
and this is primarily carried out by hydrolases produced by
rumen bacteria. The extent of hydrolysis is generally high
(>85%), and a number of factors that affect the rate and ex-
tent of hydrolysis have been identified [see reviews by
Doreau and Ferlay (13), Doreau and Chilliard (14), and Har-
foot and Hazlewood (15)].

Biohydrogenation of unsaturated FA is the second major
transformation that dietary lipids undergo in the rumen, and it
requires an FFA to proceed. As a consequence, rates are al-
ways lower than those for hydrolysis, and factors that affect
hydrolysis also affect biohydrogenation. In addition, the rate
of rumen biohydrogenation of FA typically increases as the
extent of unsaturation in the FA increases (16). Biohydrogena-
tion involves only a few of the species of rumen bacteria, and
they carry out these reactions as a protection mechanism
against the toxic effects of PUFA. Biohydrogenation is exten-
sive, and for most diets linoleic and linolenic acid are hydro-
genated 70–95% and 85–100%, respectively (13–15,17). Classical
pathways of biohydrogenation were established using pure
cultures of rumen organisms (Fig. 1). Based on their metabolic
pathways, the bacteria involved in biohydrogenation have
been classified into two groups: Group A bacteria hydrogenate
PUFA to trans 18:1 FA, and Group B bacteria hydrogenate the
trans 18:1 FA to stearic acid (15). Thus, in general no single
species catalyzes the full sequence of reactions to convert
linoleic and linolenic acid to stearic acid (18). For a more in-
depth review of rumen bacteria and their role in rumen biohy-
drogenation and lipid metabolism, the reader is directed to the
recent review by Palmquist et al. (19).

As a consequence of the extensive hydrolysis and biohy-
drogenation occurring in the rumen, the FA that reach the
small intestine are mainly saturated FFA. Some biohydro-
genation intermediates can also escape from the rumen, and
two of the major ones are trans-11 18:1 (vaccenic acid)
formed from both linoleic and linolenic acid and cis-9,trans-
11 CLA formed during the biohydrogenation of linoleic acid
(Fig. 1); these are discussed in more detail in a following sec-
tion. However, as analytical techniques have improved, it has
become clear that biohydrogenation processes are consider-
ably more complex than first thought because a remarkable
range of trans 18:1 and CLA isomers have been identified in
rumen outflow [see review by Bauman et al. (16)]. Thus, in
addition to the major pathway involving the formation of cis-

9,trans-11 CLA and vaccenic acid as intermediates, there
must be many more pathways of biohydrogenation. Further-
more, modifications in diet and rumen environment influence
biohydrogenation pathways, thereby causing substantial
changes in FA intermediates produced in the rumen. 

Milk fat synthesis. Milk fat consists of droplets of TG that
are coated with cell membrane. Thus, 96–98% of milk fat is
TG with the remainder mainly representing small amounts of
phopholipids, cholesterol, and cholesterol esters found in the
milk fat globule membrane (20). The TG comprise over 400
FA, with a large portion of these produced as intermediates dur-
ing lipid metabolism in the rumen (9). However, most of these
FA are present in trace amounts, and it is generally recognized
that the major FA in milk fat include saturated FA from 4:0 to
18:0 plus palmitoleic, oleic, linoleic, and trans-18:1 FA.

The FA that compose milk TG are derived from two
sources, de novo synthesis and the uptake of preformed FA
(20). Substrates for de novo synthesis are acetate and β-hy-
droxybutyrate derived from rumen fiber digestion. They are
used by the mammary epithelial cell to synthesize short- and
medium-chain FA (4:0 to 14:0) plus a portion of the 16-car-
bon FA. Mammary uptake of circulating long-chain FA is the
other source of the FA in milk. This source provides a portion
of the 16-carbon and all of the longer-chain FA, and represents
FA absorbed from digestion and mobilized from body fat re-
serves. Those from the diet are transported as TG in VLDL,
and mammary uptake depends on the action of lipoprotein li-
pase residing in the capillary wall. The long-chain FA from
body fat reserves are transported as nonesterified FA (NEFA),
and mammary uptake is proportional to plasma concentration.
Under typical conditions, on a molar basis, about one-half of
the FA in milk are synthesized de novo within the mammary
gland. Although plasma TG and NEFA represent less than 3%
of total plasma lipids, they contribute the remaining one-half
(molar basis) of milk FA. However, this can vary according to
physiological state. In particular, the contribution of FA from
body reserves can vary from about 5% in a well-fed animal to
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FIG. 1. Classical biochemical pathways for the biohydrogenation of
linoleic and linolenic acid in the rumen. Adapted from Harfoot and Ha-
zlewood (15).



over 20% of milk FA in early lactation when cows are in a neg-
ative energy balance (21).

OMEGA-3 FA

Background. Milk fat contents of EPA (20:5n-3) and DHA
(22:6n-3) are of interest because of their potential benefits to
human health. The effects of these omega-3 FA on reducing
the risk of cardiovascular disease, type 2 diabetes, hyperten-
sion, cancer, and certain disruptive neurological functions and
their potential mechanisms of action have been extensively
reviewed (22–25). In human nutrition, there is an effort to in-
crease consumption of these functional food components due
to the low intake of omega-3 and the relationship of the in-
take of omega-3/omega-6 FA; Western diets typically have an
omega-6 to omega-3 ratio of 20–30:1, whereas the ideal ratio
is thought to be 4:1 or less (26). As a consequence, opportu-
nities to enhance omega-3 FA in many foods, including dairy
products, are being explored.

EPA and DHA are absent or at a minimal level in tradi-
tional dairy cow diets; consequently, they are typically pre-
sent in very low amounts in ruminant products (<0.1% of total
FA). However, fish oils, fish by-products, and marine algae
are often available as dairy feedstuffs, and these are rich
sources of EPA and DHA. Hence, there is an increasing use
of fish oils and fish meal in dairy cattle diets. Despite this,
only modest increases in the enrichment of EPA and DHA
contents in milk fat have been achieved. For example, EPA
and DHA in milk fat before fish oil supplementation averaged
less than 0.1% of total FA and after supplementation were
only marginally increased to 0.2 to 0.3% of total FA [see re-
view by Chilliard et al. (27)]. The extent to which dietary sup-
plements of FA enhance their secretion in milk fat is referred
to as “transfer efficiency.” In general, the literature indicates
that the transfer efficiency of EPA and DHA to milk fat is low.
A review of several studies showed that transfer efficiencies
averaged 2 and 4% for EPA and DHA, respectively (27), and
similar values were observed in more recent studies (Table
1). Interestingly, the transfer efficiency for docosapentaenoic
acid (22:5n-3) appears to be higher than for EPA and DHA
(27); transfer efficiencies of 20–30% were observed follow-
ing the supplementation of 250 g/d fish oil (28,29).

Transfer efficiencies to milk fat are greater when fish oil is
directly administered postruminally or fed in a “rumen-pro-
tected” form. McConnell (33) reported average transfer effi-
ciencies of 30 and 25% for EPA and DHA, respectively, when
150 g/d of a fractionated fish oil (~40 g/d each of EPA and
DHA) was infused into the abomasum. Similar values were
reported during duodenal infusions of fish oil (Table 1).
Rumen-protected formulations of fish oil have produced sim-
ilar results; transfer efficiencies were 32% for EPA and 18%
for DHA during supplementation of a formaldehyde-pro-
tected tuna orbital oil supplement in lactating dairy cows (34).
Likewise, rumen-protected marine algae resulted in a transfer
efficiency of 17% for EPA (35). Transfer efficiencies also
tend to be greater when the FA are supplied by feeding fish
meal (36), compared with dietary treatments in which fish oil
has been used; thus, the matrix within which the oil is encased
provides a degree of protection from rumen biohydrogena-
tion, similar to that seen when oilseeds are fed.

Limitations in the transfer to milk fat. The basis for the low
transfer efficiencies for EPA and DHA into milk fat is an ac-
tive area of research, and two possibilities have been proposed.
One hypothesis suggests the low transfer efficiency is because
EPA and DHA are biohydrogenated by rumen bacteria. Sup-
port for this comes from comparisons showing that the trans-
fer efficiency is about 10-fold greater when the EPA and DHA
are provided in a manner to bypass metabolism in the rumen
(Table 1). Studies utilizing duodenal or omasal sampling in
sheep, steers, and lactating dairy cows during fish oil supple-
mentation have quantified the extent of biohydrogenation as
78–100% for EPA and 74–98% for DHA (28,37–39).

Results from in vitro studies have been less consistent. Gu-
lati et al. (40) and Ashes et al. (41) have suggested that there
is little biohydrogenation of EPA and DHA; however, more
recent in vitro studies have reported substantial biohydro-
genation of these FA (42,43). Such discrepancies are likely
due to the concentration of fish oil used in different studies. It
is known that when the proportion of fish oil increases, the
percentage of biohydrogenation declines (40,42,43), which is
most likely due to the toxic effects of PUFA to certain rumen
bacteria. For example, Gulati et al. (40) reported very little
biohydrogenation when greater than 5 mg/mL (fish oil/mL
rumen fluid) was incubated in vitro, but biohydrogenation
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TABLE 1
EPA and DHA Transfer Efficiencies in Ruminal and Postruminal Fish Oil Supplementation
Studies

EPA DHA
Source (% transfer) (% transfer)

Rumen
Offer et al. (29) Fish oil 2.0 2.0
Chilliard et al. (27) Fish oil 2.0 4.0
Shingfield et al. (28) Fish oil 1.4 1.9
McConnell et al. (30) Menhaden fish oil 2.0 4.0

Postrumen
Chilliard and Doreau (31) Menhaden fish oil; duodenal infusion 20.0 18.0
Hagemeister et al. (32) Menhaden fish oil; duodenal infusion 35.0–40.0 35.0–40.0
McConnell (33) Menhaden fish oil; abomasal infusion 26.0–35.0 22.0–30.0

 



was extensive when less than 1 mg/mL was used. Overall, it
would appear that, within the normal range of omega-3 FA
supplied in dairy cow diets, EPA and DHA will be exten-
sively biohydrogenated unless suitable technologies can be
developed to provide protection from rumen bacteria.

The second possibility to explain the low transfer effi-
ciency of EPA and DHA to milk fat may be a result of their
partitioning into plasma lipid fractions that are less available
to the mammary gland (29,44,45). As discussed earlier, the
TG fraction of chylomicrons and VLDL is the form of esteri-
fied lipid used most extensively by the mammary gland.
Brumby et al. (45) first suggested that EPA and DHA were
packaged into lipid classes not readily used by the mammary
gland. Recent studies have shown that supplements of EPA
and DHA give only marginal enhancements in the TG and
FFA lipid classes of plasma compared with the cholesterol
ester and phospholipid fractions (29,44).

Transfer efficiencies of abomasally infused EPA and DHA
(27,33,46) are similar to transfer efficiencies for abomasally
infused isomers of CLA, which have been reported to have
transfer efficiencies ranging from 20 to 32% (47–51). Such
values are still low compared with transfer efficiencies re-
ported for linoleic and linolenic acid. Although linoleic acid
transfer efficiencies have been shown to be variable
(10–90%), the majority of low values reported in the literature
are when large amounts of linoleic acid were infused in cows
in early to peak lactation. The majority of studies in estab-
lished lactation observed transfer efficiencies in the 40–70%
range; similar values have been reported for linolenic acid [see
review by Chilliard et al. (46)]. Overall, these results suggest
that preferential packaging of EPA and DHA into plasma cho-
lesterol ester and phospholipid fractions may limit mammary
uptake and their use for milk fat synthesis.

Finally, potential limitations on the use of fish oils in ru-
minant diets to increase the EPA and DHA content of milk
must be considered. In some instances, fish oil can cause a
shift in rumen biohydrogenation, which leads to a reduction
in milk fat synthesis in the mammary gland and the produc-
tion of milk with a low fat content. Although this may be ben-
eficial in some circumstances [see Griinari and Bauman (52)],
milk production with a low fat content is often detrimental,
both financially and for many manufacturing processes (21).
The second possible drawback to enhancing the omega-3 con-
tent of milk fat relates to the organoleptic properties of milk.
Off-flavors due to FA oxidation are of prime concern because
of the shift toward greater unsaturation of the milk fat when
fish oils are fed. Although some studies have reported flavor
problems in milk when fish oil supplements were fed to dairy
cows (53), other investigations have observed no adverse ef-
fects on flavor score or peroxide index (54–56).

CONJUGATED LINOLEIC ACIDS

Background. The intake of CLA in humans is of interest be-
cause of the potential health benefits these FA may confer.
The anticarcinogenic activity of CLA has been clearly estab-

lished with in vitro cell culture systems and in vivo animal
models for a wide range of cancer types [see reviews by
Banni et al. (57), Belury (58), and Ip et al. (59)] . As biomed-
ical studies with animal models expanded in scope, an im-
pressive range of additional health effects were discovered
for CLA, including antidiabetogenic, anti-atherogenic, im-
munomodulation, anti-obesity, and modulation of bone
growth (58). The predominant source of CLA in human diets
is ruminant-derived food products, with dairy products con-
tributing about 75% of the total (60–62). CLA is a component
of the fat in milk; hence, research has concentrated on in-
creasing the CLA content per unit of fat. Processing has little
effect on CLA, so the content in food products is related to
the CLA concentration in the starting fat (61).

The presence of CLA in milk fat was first noted in the
1930s by scientists at the University of Reading, United
Kingdom (63,64), with Parodi (65) later identifying cis-
9,trans-11 CLA as a milk FA that contained a conjugated dou-
ble bond pair. Subsequent research established that cis-
9,trans-11 CLA was the major CLA isomer in ruminant fat
representing about 75 to 90% of the total CLA (61,66), and
the common name of “rumenic acid” has been proposed for
this isomer because of its unique relationship to ruminants
(67). As analytical techniques improved, numerous other iso-
mers of CLA were identified in ruminant fat; these are present
at much lower concentrations, and they differ by position (e.g.,
7–9, 8–10, 9–11, 10–12, or 11–13) or geometric orientation
(cis-trans, trans-cis, cis-cis, and trans-trans) of the double
bond pair (Table 2). Thus far, the biological effects have been
extensively examined for only two of the CLA isomers, cis-
9,trans-11 and trans-10,cis-12, and there are clear differences.
In the context of dairy products, biomedical studies with animal
models have documented the anticarcinogenic and anti-
atherogenic effects of cis-9,trans-11 CLA (58,59,68). Since
cis-9,trans-11 CLA is, by a considerable margin, the most
predominant CLA isomer in milk fat, enhancing the CLA
content of milk is realistically related only to increases in this
isomer. The anti-obesity effects of CLA are due to the trans-
10,cis-12 isomer; while this isomer can vary in milk fat, it
never represents more than 1 or 2% of total CLA, and food
products derived from ruminants are thus unlikely to provide
sufficient amounts of this isomer to have biological effects on
body fat.

Origin of CLA. The major pathways for rumen biohydro-
genation of linoleic and linolenic acid are shown in Figure 2.
Note that cis-9,trans-11 CLA is the first intermediate in the
pathway, and it is formed only during the biohydrogenation
of linoleic acid. In contrast, vaccenic acid is an intermediate
formed from both linoleic and linolenic acid. Vaccenic acid
and CLA are both present in ruminant fat, and it was gener-
ally assumed they were of rumen origin and represented in-
termediates that had escaped complete biohydrogenation.
However, cis-9,trans-11 CLA is only a transitory intermedi-
ate in rumen biohydrogenation, whereas vaccenic acid tends
to accumulate. Based on this and other considerations, Gri-
inari and Bauman (69) proposed that endogenous synthesis
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could be an important source of cis-9,trans-11 CLA in milk
fat, with synthesis involving the enzyme ∆9-desaturase and
vaccenic acid as the substrate.

The importance of endogenous synthesis of cis-9,trans-11
CLA has been examined in a series of in vivo investigations
encompassing a range of diets characteristic of lactating dairy
cows [see reviews by Palmquist et al. (19) and Bauman et al.
(66)]. One of the strategies to investigate the importance of
endogenous synthesis was a direct inhibition of ∆9-desat-
urase. For these in vivo studies, sterculic oil isolated from the
nuts of Sterculia foetida was used. Sterculic oil contains about
60% sterculic acid [8-(2-octyl-1-cyclopropenyl) octanoic acid],
a cyclopropenoic FA that is a potent inhibitor of ∆9-desaturase.
Another approach was to compare values of estimated rumen
outflow of CLA with the quantity of CLA secreted in milk fat.
This indirect method provided an estimate of the maximum
proportion of milk fat CLA that could originate from rumen
production. Overall, results from these different approaches
and investigations were consistent; endogenous synthesis ac-
counted for the majority of the cis-9,trans-11 CLA present in
milk fat with over 70 to over 90% originating from the conver-
sion of vaccenic acid catalyzed by ∆9-desaturase (19,66).

In 1998, Yurawecz et al. (70) discovered that ruminant fat
contained trans-7,cis-9 CLA. This CLA isomer had not been
reported previously because it co-elutes with cis-9,trans-11
CLA under typical conditions with GC analysis. The milk fat
content of trans-7,cis-9 CLA is generally about 10% of cis-
9,trans-11 CLA, making it the second most prevalent CLA
isomer. Endogenous synthesis is also the source of this CLA
isomer; it is derived by the action of ∆9-desaturase on trans-7
18:1 that is produced in the rumen (71,72). In contrast to 
cis-9,trans-11 and trans-7,cis-9 CLA, other CLA isomers in
milk fat appear to be exclusively of rumen origin. There are
no specific mammalian desaturases analogous to ∆9-desat-
urase that could account for their presence. Rather, they are
detected in rumen and duodenal contents, and estimates of
rumen outflow are sufficient to account for the trace amounts
of these CLA isomers secreted in milk fat (28,72). 

Two of the minor CLA isomers merit further mention,
trans-11,cis-13 CLA and trans-10,cis-12 CLA. Kraft et al.
(74) recently reported that trans-11,cis-13 CLA was found at

concentrations of approximately 8% of the total CLA present
in milk fat produced by dairy cattle grazing Alpine regions of
Switzerland. The rumen biohydrogenation pathways that pro-
duce this CLA isomer and the physiological basis for the rel-
atively greater concentrations in milk fat from cattle grazing
Alpine pastures are unknown. The trans-10,cis-12 CLA iso-
mer is of interest because it is often produced in relatively
greater quantities in the rumen of cows fed diets associated
with milk fat depression. Indeed, this isomer has been shown
to be a potent inhibitor of milk fat synthesis [see reviews by
Bauman and Griinari (21) and Bauman et al. (66)].

Altering milk fat content. Diet is the major determinant of
milk CLA content, and over the last decade, numerous exper-
iments have been carried out with the objective of enhancing
the milk fat content of CLA [see reviews by Chilliard et al.
(27,46), Bauman et al. (79), and Stanton et al. (80)]. The key
to increasing milk CLA is to increase rumen vaccenic acid out-
put, allowing for increased endogenous synthesis in the mam-
mary gland. Maximizing rumen output of vaccenic acid can be
achieved in two ways: by increasing the supply of 18-carbon
PUFA precursors and by inhibiting vaccenic acid reduction to
stearic acid. Increasing the dietary supply of 18-carbon PUFA
substrates is most easily achieved by the addition of plant oils
high in linoleic and/or linolenic acids. The effects of different
types and amounts of plant oils have been investigated, and a
range of plant oils have been shown to be effective in increasing
milk CLA content. The coat of oilseeds offers some protection
from rumen biohydrogenation; thus, the use of different oilseeds
and processing techniques has also been investigated (81–83).
Oilseeds high in linoleic and/or linolenic acid, processed so that
oil was accessible to biohydrogenating bacteria, resulted in
greater increases in milk CLA compared with whole oil seeds,
but were not as efficient as using the pure oil. Plant oils are
often added to dairy cattle diets as calcium salts of FFA, and
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FIG. 2. Pathways for ruminal and endogenous synthesis of cis-9,trans-
11 CLA in the dairy cow. Adapted from Bauman et al. (66)

TABLE 2
Range of Positional and Geometric Isomers (% of Total Isomers) 
of trans 18:1 and Conjugated 18:2 FA in Milk 
and Dairy Productsa

Trans 18:1 Conjugated 18:2

% of total trans % of total 
Isomer 18:1 isomers Isomer CLA isomers

trans-4 0.30–2.30 trans-7,cis-9 1.20–8.89
trans-5 <0.01–1.40 trans-7,trans-9 0.02–2.39
trans-6–8 0.50–11.30 trans-8,cis-10 0.06–1.47
trans-9 3.00–18.20 trans-8,trans-10 0.19–0.37
trans-10 3.40–29.80 cis-9,trans-11 72.56–91.16
trans-11 24.50–74.90 trans-9,trans-11 0.77–2.87
trans-12 1.90–17.60 trans-10,cis-12 0.03–1.51
trans-13 + 14 <0.01–23.10 trans-10,trans-12 0.28–1.31
trans-15 3.30–11.10 cis-11,trans-13 0.18–4.70
trans-16 1.70–12.50 trans-11,cis-13 0.07–8.00

trans-11,trans-13 0.28–4.24
cis-12,trans-14 0.04–0.80
trans-12,trans-14 0.33–2.76
cis,cis isomers 0.06–4.80

aData are derived from eight studies in which FA analyses were carried out
on milk samples (28,72–76), butter (77), and cheese (78).



Chouinard et al. (82) fed calcium salts of canola (rape), soy-
bean, and linseed oil. All three increased the CLA content of
milk fat; however, those containing the greatest amounts of
linoleic and linolenic (soybean and linseed, respectively)
caused the greatest increases.

The lipid content of ruminant diets is generally restricted
to less than 7% because higher amounts adversely affect the
metabolism of rumen bacteria, thereby impairing rumen fer-
mentation and animal performance (84,85). Thus, there is a
limit to the extent that one can provide dietary lipid supple-
ments to increase rumen output of vaccenic acid and CLA.
Even at a modest level of plant oil supplementation, the
rumen environment can be modified so that a portion of the
biohydrogenation pathways are shifted to produce trans-10
18:1 and trans-10,cis-12 CLA as intermediates. These dietary
situations are associated with milk fat depression, and in-
creasing the CLA content of fat while reducing total milk fat
secretion is often unacceptable to producers [see reviews by
Bauman and Griinari (21,86)].

Dietary factors that affect rumen bacteria involved in biohy-
drogenation, either directly or indirectly via changes in the
rumen environment, can also affect the CLA content of milk
fat. These changes typically involve an inhibition of the final
biohydrogenation step, which converts vaccenic acid to stearic
acid. Several examples have been well characterized including
alterations in the forage/concentrate ratio, dietary supplements
of fish oil, and restricted feeding (79). The most effective of
these is the use of fish oil, and the general trend is that equiva-
lent amounts of dietary fish oil compared with plant oils result
in a greater increase in milk CLA content (28–30,87–89). Fish
oils supply only minimal amounts of 18-carbon PUFA; there-
fore, the increases are most likely the result of a reduction in
the final biohydrogenation step where vaccenic acid is con-
verted to stearic acid (69). In support, DHA has been shown to
promote vaccenic acid accumulation in mixed ruminal cultures
when incubated with linoleic acid (90).

Last, a combination of dietary supply of PUFA and modifi-
cation of the rumen environment can be especially effective in
increasing the CLA content of milk fat. Seasonal effects on
milk CLA have been known for some time (91–94), and these
appear related to this. Fresh pasture results in a two- to three-
fold increase in the CLA content of milk fat, but the effect dimin-
ishes as the pasture matures (81,92,93,95,96). These results
cannot be totally explained in terms of the FA composition and
supply of PUFA that grass provides; therefore, additional fac-
tors or components of grass must promote the production of
vaccenic acid in the rumen, and these lessen in effect as the
pasture matures.

Physiological factors that affect milk fat content of CLA
have also been examined, and differences among individuals
are particularly striking. Even when diet and other physiologi-
cal variables are similar, there is still a two- to threefold range
among individuals in the milk fat concentration of CLA
(93,97–99). A similar level of variation also occurs in the
milk fat desaturase index (a proxy for ∆9-desaturase activity),
with a several-fold range among cows (93,97–99). These ani-

mal differences appear to have a genetic basis, although this
has not been examined rigorously. Cows maintain a consis-
tent hierarchy in milk CLA content and desaturase index over
time when fed the same diet and when switched between diets
(99). The effect of breed (Holstein vs. Brown Swiss) was ex-
amined in a large study (>200 cows) by Kelsey et al. (97), and
no differences were observed. Although some have proposed
breed differences in the CLA content of milk fat (89,100–102),
these studies have often involved very few animals, were con-
founded by diet, or both. Thus, if breed differences do exist in
the CLA content of milk fat and desaturase index, they must
be minor compared with the effect of diet and individual ani-
mal variations (19,66). Differences in milk CLA among cows
are presumably related to individual variations in expression
of the ∆9-desaturase gene and rumen outflow of vaccenic acid
and CLA. Examination of other physiological factors has es-
tablished that the milk fat content of CLA and desaturase
index have little relation to milk or milk fat yield, parity, or
stage of lactation (97,103).

We have used such feeding regimes and taken advantage
of individual animal variation to produce CLA-enriched but-
ter for use in biomedical studies with animal models. Ip et al.
(104) first showed that cis-9,trans-11 CLA was a potent anti-
carcinogen when supplied as a natural food component; di-
etary consumption of CLA-enriched butter was effective in
reducing the incidence of tumors in a rat model of mammary
carcinogenesis. We have subsequently shown that vaccenic
acid derived from CLA-enriched butter increased tissue con-
tent of CLA and reduced mammary tumorogenesis (105) and
that the anticarcinogenic effect of vaccenic acid is mediated
predominantly, perhaps exclusively, by its conversion to cis-
9,trans-11 CLA (106). These findings highlight the fact that
vaccenic acid should also be considered as a FA with particular
benefits to human health. Given that humans convert approx-
imately 20% of dietary vaccenic acid to cis-9,trans-11 CLA
via ∆9-desaturase (107), Parodi (61) has suggested that CLA
intake multiplied by 1.4 would provide an estimate of the ef-
fective physiological dose of CLA derived from ruminant
products.

CLA-enriched dairy products have been evaluated for
taste, organoleptic properties, and storage characteristics in
comparisons with standard dairy products. Off-flavors due to
FA oxidation are of prime concern because of the shift toward
greater unsaturation of the milk fat. We recently produced 2%
fat milk with high CLA and vaccenic acid (47 and 121 mg/g
FA, respectively) and compared this with a standard 2% milk
(5 and 14 mg/g FA, respectively). Evaluations of the milk for
up to 14 d postpasteurization indicated no differences in sen-
sory and triangle taste tests, or in susceptibility to develop ox-
idized flavors under both light and dark storage conditions
(56). Similar results have been observed by others, with milk
that had a less marked enrichment of CLA (54,55,108–110).

In summary, there are four areas to consider when design-
ing diets to increase the CLA content of milk fat: (i) increase
18-carbon PUFA precursors in the diet (linoleic and linolenic
acids); (ii) maintain normal biohydrogenation pathways
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(vaccenic acid pathway); (iii) inhibit the final biohydrogena-
tion step (vaccenic acid to 18:0); (iv) increase desaturation of
vaccenic acid to cis-9,trans-11 CLA in the mammary gland.
Future strategies will thus involve establishing dietary and
nutritional conditions that maximize rumen outflow of vaccenic
acid and cis-9,trans-11 CLA, optimizing the amount and ac-
tivity of ∆9-desaturase in mammary tissue, and identifying
the genetic basis for the large differences among individuals
in CLA-related variables. Obviously, before CLA-enriched
foods are widely marketed, studies would need to examine
commercial applications and be extended to a wide range of
food products.

FUTURE CONSIDERATIONS

Consumers are increasingly aware of “functional food”
components that can have positive effects on health mainte-
nance and disease prevention. A number of specific FA are
now recognized as having beneficial effects on human health,
and these include the omega-3 FA and cis-9,trans-11 CLA
that are present in milk fat. Enhancing their content in milk
fat requires an understanding of the interrelationship between
dietary supply of lipid, rumen fermentation, and mammary
synthesis of milk fat. Milk and dairy products normally con-
tain very low amounts of EPA and DHA, and increasing their
content is limited primarily because their biohydrogenation in
the rumen is extensive and secondarily because they circulate
in specific plasma lipid fractions that contribute minimally to
the mammary supply of FA. These challenges must be ad-
dressed to achieve substantial increases in EPA and DHA levels
in milk fat, and the formulation of supplements of EPA and
DHA that are protected from metabolism by rumen bacteria
has potential to address the biohydrogenation problem.

The predominant source of cis-9,trans-11 CLA in milk fat
is endogenous synthesis from vaccenic acid, and thus strate-
gies that center on enhancing rumen output of vaccenic acid
and increasing tissue activity of ∆9-desaturase. Diet has a
major effect on milk fat content of CLA, and there is also a
wide variation among individuals. Through modification of
dairy cow diets and selection of cows with the highest milk
CLA content, it is possible to produce milk that is signifi-
cantly enriched with CLA. Vaccenic acid is also present in
milk fat, and its contribution to CLA must be considered be-
cause it supplies precursor for the endogenous synthesis of
CLA in humans. On this basis, vaccenic acid would also be
considered as a functional food component in dairy products
with potential benefits to human health. Finally, the educa-
tion of the public that not all FA are equal is required. This is
of special importance with the introduction of trans FA label-
ing of foods as undesirable and the fact that both vaccenic
acid and cis-9,trans-11 CLA are trans FA.
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ABSTRACT: Clinical intervention trials and animal studies indi-
cate that increasing dietary intakes of long chain n-3 FA or reduc-
ing linoleic acid intake may reduce aggressive and violent behav-
iors. Here we examine if economic measures of greater n-6 con-
sumption across time and countries correlate with greater risk of
homicide. Linoleic acid available for human consumption was
calculated from World Health Organization disappearance data
for 12 major seed oils in the food supply for the years 1961 to
2000 in Argentina, Australia, Canada, the United Kingdom, and
the United States (US). Homicide mortality rates, adjusted for age,
were obtained from the central judicial authority of each country.
Apparent linoleic acid intake from seed oil sources ranged from
0.29 en% (percentage of daily food energy) (Australia 1962) to 8.3
en% (US 1990s). Greater apparent consumption of linoleic acid
correlated with higher rates of homicide mortality over a 20-fold
range (0.51–10.2/100,000) across countries and time in an expo-
nential growth regression model (r = 0.94, F = 567, P < 0.00001).
Within each country, correlations between greater linoleic acid
disappearance and homicide mortality over time were significant
in linear regression models. Randomized controlled trials are
needed to determine if reducing high intakes of linoleic acid by
seed oils with alternative compositions can reduce the risk of vio-
lent behaviors. These dietary interventions merit exploration as
relatively cost-effective measures for reducing the pandemic of vi-
olence in Western societies, just as dietary interventions are re-
ducing cardiovascular mortality. Low linoleate diets may prevent
behavioral maladies that correctional institutions, social service
programs, and mental health providers intend to treat.

Paper no. L9643 in Lipids 39, 1207–1213 (December 2004). 

For 2–3 million years of human evolution, diets rich in seafood
and range-fed animals likely provided appreciable amounts of
the n-3 essential FA eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) (1,2). As both n-3 and n-6 FA are es-
sential, diets are dominant determinants of the proportions of
essential FA in brain and body tissues. DHA is selectively con-
centrated in synaptic neuronal membranes and is necessary for
optimal neuronal function (3,4). Seed oils, including soy, corn,
and canola, are rich in the n-6 FA linoleic acid, and these oils
have displaced other dietary fats and calories in the food sup-

ply in developed countries during the 20th century. In the
United States in 1909, soy oil accounted for approximately
0.02 en% (percentage of daily food energy) of all calories
available for food consumption compared to 20 en% in 2000
(5). High dietary linoleate can depress tissue and membrane
levels of the n-3 FA EPA and DHA by competing with α-lino-
lenic for conversion to 20- and 22-carbon highly unsaturated
FA (HUFA) (6). We previously proposed that the increase in
linoleic acid in Western diets, especially relative to EPA and
DHA intake, has been a risk factor contributing to the increasing
rates of major depression and violence in the 20th century (7).
The observation that greater intakes of seafood rich in EPA
and DHA correlated with lower rates of homicide mortality
across 36 countries (r = –0.63, P < 0.00001) (8) is consistent
with observational studies reporting that lower tissue levels of
EPA and/or DHA predict greater hostility measures among
4,000 subjects in the CARDIA epidemiological study (9),
among aggressive cocaine addicts (10), and violent prisoners
(11). Homicide mortality data are robust indicators of violence,
have clear diagnostic criteria with unequivocal importance,
and have been prospectively collected. We postulated that
greater consumption of seed oils, the major dietary source of
linoleic acid, would correlate with greater rates of homicide
mortality across time and among Western countries with similar
socioeconomic and background seafood intake levels. The
positive association reported here is striking. 

METHODS 

Data on age-adjusted homicide mortality were obtained from
the U.S. Department of Justice (12), the United Kingdom Of-
fice of National Statistics on Criminal Justice (13), Statistics
Canada (14), the Argentina Ministry of Justice (15), and the
Australian Bureau of Statistics (16). Seed oils, in particular
soybean oil, are the dominant sources of the linoleic acid in the
United States. Economic data on the disappearance of 12 pri-
mary seed oils as a percentage of available food energy for all
commodities from 1961 to 2000 were obtained from the World
Health Organization (WHO) Statistical Information Services
(17). Disappearance (apparently used for human consumption)
was defined as production plus imports plus existing stocks
minus exports and remaining stocks (5). The nutrient content
of each seed oil was calculated using version 13 of the National
Nutrient Database of the United States Department of Agricul-
ture (5). For each year, linoleate availability from each food oil
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was summed and expressed as a percentage of total calories
(en%) from all food available for human consumption. No seed
oil disappearance or mortality data available for these countries
were excluded and no adjustments were made for possible food
wastage. Both the food commodity and the homicide mortality
data were prospectively collected, and they reflect changes for
the whole population of each country. Statistical analyses in-
cluded both simple linear Pearson’s regressions using Statview
5.0 (SAS Institute, Cary, NC) and iterative curve fitting for lin-
ear and nonlinear regressions using Sigma Plot 8.0 (SPSS Inc.,
Chicago, IL). 

RESULTS

Linoleic acid from seed oil sources, in apparent consumption
as food, ranged from 0.29 en% (Australia 1962) to 8.3 en% (US
1990s). Rates of homicide mortality nearly tripled in the United
States and in the United Kingdom from 1961 to 2000. Time
trends were first considered separately by country. Greater li-
noleate disappearance was correlated with greater homicide
mortality over time in linear regression models for the United
States (r = 0.61, P < 1.0 × 10–6), the United Kingdom (r = 0.89,
P < 1.0 × 10–14), Australia (r = 0.74, P < 1.0 × 10–10), Canada
(r = 0.53, P < 0.0004), and Argentina (r = 0.75, P < 0.0001).
When data from all countries and time points were combined,

greater apparent consumption of linoleic acid correlated with
higher rates of homicide mortality over a 20-fold range
(0.51–10.2/100,000) in an exponential growth regression
model (r = 0.94, F = 567, P < 0.00001) (see Fig. 1). A signifi-
cant correlational relationship remains (r = 0.51, F = 20.5, P <
0.00001) in a similar three-factor exponential growth model
after exclusion of the United States. 

DISCUSSION

This comparison indicates a striking correlation between greater
apparent consumption of linoleic acid from seed oils and
greater risk of homicide mortality across time, from 1961 to
2000, among five Western countries (see Figs. 2–6). These
findings suggest, but do not demonstrate, that increased avail-
ability of linoleic acid might be a causal factor contributing to
the increased rates of homicide during the last half of the 20th
century among these five countries. To our knowledge, this is
the first examination of a risk factor for homicide across both
countries and time. Greater linoleic acid consumption is not
proposed here as a sole determinant factor for greater homicide
mortality, but as a readily modifiable potential risk factor. 

These findings may be due to secondary hidden covariates,
which are fairly well established factors that increase the risk
of homicide. For example, the availability of firearms is a rea-
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FIG. 1. Homicide rates and linoleic acid disappearance for human consumption among five
countries, 1961–2000. The following symbols indicate dates within each country for the years
1961–2000: l, Australia; ll, United Kingdom; ss, Canada; t, Argentina; s, United States. The dis-
appearance for human consumption of linoleic acid from 12 seed oils [18:2n-6 (en%)/cap/d]
was derived as a percentage of energy available from all commodities available for use as
human food, from the Food and Agriculture Organization/WHO database as indicated for
each year. Other dietary sources of linoleic acid are not included. Corresponding homicide
rates were adjusted for age, expressed per 100,000 population, and obtained from criminal
justice statistics for each country. Iterative curve fitting for three-factor exponential growth
equations resulted in the following fit: f = 1.02788 – 0.162742x + 0.145575x2, r = 0.94, r2 =
0.87, F = 567, P < 0.00001. 

                                                                   



sonable confounding variable that could account for the find-
ings reported here. Unfortunately, data on availability mea-
sured by per capita ownership or the percentage of households
with firearms is not readily obtainable or reliable across coun-
tries in the time periods examined. Alternatively, data are more
uniformly available expressing homicides attributable to
firearms as a percentage of total homicides. This parameter also

has the advantage of being a more direct assessment of the use
of the firearms in the commission of homicides than surveys of
availability or percent household ownership (18). In Canada,
both firearm availability and the percentage of homicides re-
lated to firearms decreased during this time as the result of pro-
gressively restrictive gun legislation in 1977, 1991, and 1995
(19). In Australia, the percentage of homicides related to

HOMICIDE AND LINOLEIC ACID 1209

Lipids, Vol. 39, no. 12 (2004)

FIG. 2. Homicide mortality and consumption of linoleic acid from seed oils, 1961–2000, in
the United Kingdom. The o symbol indicates dates 1961–2000 within the United Kingdom. A
linear regression model resulted in the following fit: r = 0.89, r2 = 0.80, F = 150.6, P < 1 ×
10–14. 

FIG. 3. Homicide mortality and consumption of linoleic acid from seed oils, 1961–1999, in
the United States. The s symbol indicates dates 1961–1999 within the United States. A linear
regression model resulted in the following fit: r = 0.65, r2 = 0.43, F = 27.7, P < 0.000001. 

                           



firearms significantly decreased from 1960 to 2000 (20). Homi-
cide rates by all methods rose in these countries, but, in gen-
eral, for the period between 1960 and 2000 the percentage of
homicides attributable to firearms decreased over time in
Canada or Australia and changed little in the United Kingdom
(21) or the United States (22). Since the availability of firearms
as measured by their use in homicides has a negative or neutral

trend in this analysis, availability is unlikely to be a hidden
causal factor underlying the positive relationships between
greater linoleate intake and greater homicide mortality in these
countries over time. Since the United States has a higher rate
of firearm availability and a higher percentage of firearm-re-
lated homicides, it may be a driving force confounding the
cross-national relationship. However, a significant correlational
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FIG. 4. Homicide mortality and consumption of linoleic acid from seed oils, 1961–2000, in
Australia. The lsymbol indicates dates 1961–1999 within Australia. A linear regression model
resulted in the following fit: r = 0.74, r2 = 0.54, F = 44, P < 1 × 10–10.

FIG. 5. Homicide mortality and consumption of linoleic acid from seed oils, 1961–2000, in
Canada. The ∆ symbol indicates dates 1961–2000 within Canada. A linear regression model
resulted in the following fit: r = 0.53, r2 = 0.28, F = 15.1, P < 0.0004. 

                             



relationship remained after excluding the United States. The
magnitude of the relationships between homicide rates and li-
noleate disappearance (r = 0.93 including and r = 0.51 exclud-
ing the United States) reported here is similar to, or greater
than, the magnitude of the relationship between firearm avail-
ability and homicide mortality in a cross-national analysis of
26 countries (r = 0.69 including and r = 0.25 excluding the
United States) (23). In summary, it is unlikely that the correla-
tional relationships between linoleate availability and homicide
mortality are caused by differences in the availability or use of
firearms when examined across countries and across time. 

We do not propose that increased linoleate consumption
during 1961 to 2000 can be isolated from many other societal,
cultural, economic, or nutritional factors that might contribute
to increased risk of homicide. However, the epidemiological
associations in this report can help support a rationale for de-
signing future controlled clinical intervention studies that di-
rectly alter linoleate intake and test for changes in aggressive
behavior. The large differences in homicide mortality rates
among the five countries suggest that many societal and eco-
nomic factors contribute to greater risk of homicide (24). The
American Academy of Pediatrics and five other prominent
medical societies (25) cited exposure of youth to violent media
via videogames, cable television, and the Internet as a con-
tributing factor to societal violence. In the 40 years spanning
the data examined here this media exposure has increased.
These years have included the perception that the integrity of
social systems declined in the United States and other coun-
tries, accompanying progressively higher divorce rates, a pos-
sible marker of disintegration of the family unit. In addition,
drug and alcohol use have become widespread, along with
gang behaviors, teenage pregnancy, sexually transmitted dis-

eases, and an increasing population of generally dysphoric, dis-
contented youth, each of which is a potential risk to greater so-
cial disintegration. Many of these social and cultural factors are
difficult to quantify, and comparable data sets are not available
across time and countries. As direct data are not available on a
yearly basis for all potential risk factors, we do not attempt here
to create a statistical model comparing the relative contribu-
tions of each potential risk factor, and thus we do not conclude
that these epidemiological associations constitute causal proof
that increasing linoleate availability increases homicide risk. 

There was wide diversity in the apparent consumption of
linoleic acid from seed oils as a percentage of energy, ranging
from 0.29 en% in Australia, in 1962, to 8.3 en% in the United
States, 1985–1992. The disappearance data for comparable
seed oil and other commodities were used to examine the rela-
tive differences in apparent linoleate intakes across time and
countries. Clearly, seed oils are the major but not the sole
source of linoleic acid in the diet, and no attempt was made
here to determine the absolute per capita ingestion of total
linoleic acid and total calories. Estimates of linoleic acid that
included other food sources during comparable time periods
were higher in the United Kingdom (26) and lower in the Aus-
tralian diet (27) than those reported here. Differential degrees
of hydrogenation, waste, spoilage, reports of total calorie dis-
appearance, and oil composition not reflected by the nutritional
composition tables were likely to have increased variability in
estimates of linoleic acid intake as a percentage of energy and
reduced the strength of the robust correlations reported here. 

The ecological associations between greater risks of homi-
cide mortality and both greater linoleate intake and lower
seafood intake (28) are consistent with animal studies and con-
trolled intervention trials in humans that reported decreased
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FIG. 6. Homicide mortality and consumption of linoleic acid from seed oils, 1960–1981, in
Argentina. The t symbol indicates dates 1961–1985 within Argentina. A linear regression
model resulted in the following fit: r = 0.75, r2 = 0.56, F = 23.2, P < 0.0001. 

                       



measures of aggression or violence by increasing intakes of long
chain n-3 FA relative to n-6 intake. This proposition that dietary
differences in essential FA status can alter aggressive behavior
has been supported by six placebo-controlled, randomized clin-
ical trials where supplementation with EPA, DHA, or both re-
duced violent behaviors or measures of aggression (29–33). A
trial using essential FA, multivitamins, and minerals also re-
ported a substantial reduction in aggression among prisoners
(34). Aggressive behavior was also markedly higher among the
adult pups of mothers who were fed diets containing 43 en%
from soy oil throughout gestation (35). Muricidal behavior was
induced in adult rats by diets rich in linoleic acid (36), and DHA
was lower in the brains of rats with isolation-induced muricidal
behavior (37). 

One mechanism that may link excessive linoleic acid intake
or deficient EPA and DHA status is a deficit in serotonergic
neurotransmission in the frontal cortex, which has been repeat-
edly implicated in the pathophysiology of lifelong impulsive
and violent behaviors (38,39). Higley (39) reported that at 2
weeks of age, low concentrations of a marker of frontal sero-
tonergic function, cerebrospinal fluid 5-hydroxyindolacetic
acid, predicted a lifetime predisposition toward aggressive be-
havior among rhesus monkeys. Dietary deficiencies of n-3 in-
take during fetal life and early in development resulted in resid-
ual deficits in serotonergic neurotransmission (40). This four
fold lower serotonin release stimulated by fenfluramine, mea-
sured at 60 days old, could be prevented by restoring dietary
α-linolenic acid, but only if done before 14 days of life (40).
When piglets’ infant formulas were supplemented with arachi-
donic acid and DHA, frontal cortex concentrations of sero-
tonin, dopamine, and their respective metabolites increased by
nearly 50% (41). Reduction in serotonergic neurotransmission
in the medial prefrontal cortex is one plausible mechanism of
action that can be tested in randomized placebo controlled tri-
als designed to specifically decrease intakes of linoleic acid
and/or increase the intakes of EPA and DHA. Dietary interven-
tions that reduce linoleate intake and improve the tissue status
of n-3 FA and other basic nutrients (34) can potentially become
relatively cost-effective measures for reducing the pandemic of
violence in Western societies, just as dietary interventions are
reducing cardiovascular mortality. Low linoleate diets may pre-
vent behavioral maladies that correctional institutions, social
service programs, and mental health providers intend to treat.
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ABSTRACT: Both omega-3 and omega-6 long-chain PUFA
(LC-PUFA) are crucial to brain development and function, but
omega-3 LC-PUFA in particular are often lacking in modern diets
in developed countries. Increasing evidence, reviewed here, indi-
cates that LC-PUFA deficiencies or imbalances are associated with
childhood developmental and psychiatric disorders including
ADHD, dyslexia, dyspraxia, and autistic spectrum disorders. These
conditions show a high clinical overlap and run in the same fami-
lies, as well as showing associations with various adult psychiatric
disorders in which FA abnormalities are already implicated, such
as depression, other mood disorders, and schizophrenia. Prelimi-
nary evidence from controlled trials also suggests that dietary
supplementation with LC-PUFA might help in the management of
these kinds of childhood behavioral and learning difficulties.
Treatment with omega-3 FA appears most promising, but the few
small studies published to date have involved different popula-
tions, study designs, treatments, and outcome measures. Large-
scale studies are now needed to confirm the benefits reported.
Further research is also required to assess the durability of such
treatment effects, to determine optimal treatment compositions
and dosages, and to develop reliable ways of identifying those
individuals most likely to benefit from this kind of treatment.
Childhood developmental and psychiatric disorders clearly re-
flect multifactorial influences, but the study of LC-PUFA and
their metabolism could offer important new approaches to their
early identification and management. Heterogeneity and co-
morbidity are such, however, that a focus on specific traits or
symptoms may prove more fruitful than an exclusive reliance
on current diagnostic categories.

Paper no. L9638 in Lipids 39, 1215–1222 (December 2004).

Increasing evidence indicates that disturbances of FA and
phospholipid metabolism can play a part in a wide range of
psychiatric, neurological, and developmental disorders in
adults (1). In recent years it has also become clear that the
same factors have a role to play in many childhood neurode-
velopmental and psychiatric disorders (2). The latest evidence
for this proposal, reviewed here, indicates that a better under-
standing of the role of long-chain PUFA (LC-PUFA) in these

conditions could offer important new approaches to their
identification and management.

ADHD, DYSLEXIA, DYSPRAXIA, AND AUTISTIC 
SPECTRUM DISORDERS

The most common developmental and psychiatric disorders of
childhood include attention-deficit/hyperactivity disorder
(ADHD), dyslexia, dyspraxia, and autistic spectrum disorders,
which between them affect 10–20% of the school-age population.
Each is defined by a different and relatively specific pattern of
difficulties in behavior and/or learning. Thus in ADHD, the core
features involve attentional problems and/or hyperactive-impul-
sive behaviors; in dyslexia, specific difficulties with reading and
writing; in dyspraxia or developmental coordination disorder
(DCD), specific weaknesses in the planning and coordination of
actions; and in the autistic spectrum, impaired social and commu-
nication skills. In practice, however, the overlaps between these
conditions are high, and their boundaries with normal variation in
behavioral and cognitive function are not at all clear-cut (3–5).
“Pure” cases are the exception, not the rule, and within each cate-
gory there is substantial heterogeneity.

Many features associated with ADHD, dyslexia, dyspraxia,
and autistic spectrum disorders are consistent with deficiencies
or imbalances in omega-3 and/or omega-6 FA, as discussed in
more detail elsewhere (6,7). These include the excess of males
affected, slightly increased tendencies for pregnancy and birth
complications and minor physical anomalies, and an increased
frequency of atopic or autoimmune disorders in affected indi-
viduals and their relatives. FA abnormalities could also help to
account for some of the key cognitive and behavioral features
of these conditions, such as anomalous visual, motor, atten-
tional, or language processing, as well as associated difficulties
with mood, digestion, temperature regulation, and sleep.

These developmental conditions all tend to cluster within
families, and they also show familial and other associations
with certain psychiatric disorders including depression and
bipolar disorder as well as schizophrenia spectrum and per-
sonality disorders (8–11). This and other evidence points to
some common genetic factors in the predisposition to all of
these conditions, which may include constitutional anomalies
of FA and phospholipid metabolism (12).

THE IMPORTANCE OF LC-PUFA IN BRAIN 
DEVELOPMENT AND FUNCTION

Omega-3 and omega-6 FA are crucial for normal brain structure
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and function, but must be derived from dietary sources. Four
LC-PUFA are particularly important to the brain: the omega-6
FA arachidonic acid (AA) and dihomo-γ-linolenic acid (DGLA)
and the omega-3 FA EPA and DHA. If not provided directly by
the diet, these LC-PUFA must be manufactured via desatura-
tion and elongation processes from linoleic acid (LA) in the case
of omega-6, or α-linolenic acid (ALA) in the case of omega-3.

Structurally, AA and DHA are key components of neuronal
membranes, making up 15–20% of the brain’s dry mass and
more than 30% of the retina. In early life, both omega-3 and
omega-6 LC-PUFA are critical for supporting brain growth and
maturation. During prenatal development, adequate supplies
are so essential that the placenta doubles the levels circulating in
maternal plasma (13), and severe deficits may have permanent
effects if they occur during critical periods of early development.
AA is crucial to brain growth, and mild deficiencies are associ-
ated with low birth weight and reduced head circumference. It
also plays a key role in the cellular processes underlying learning
and memory. DHA is particularly concentrated in highly active
membranes such as synapses and photoreceptors, and adequate
supplies are essential for normal visual and cognitive develop-
ment (14,15). Pre-formed LC-PUFA are found naturally in breast
milk, and although some controlled studies have shown ad-
vantages to both visual and cognitive development from their
addition to infant formula (16), it is not yet clear whether the
established benefits of such supplementation for preterm in-
fants may also extend to well-nourished term infants (17).

Throughout life, adequate supplies of LC-PUFA remain
crucial for optimal brain function. They increase the fluidity
of neuronal membranes, essential for efficient signal trans-
duction, and some act as second messengers in chemical neu-
rotransmitter systems as well as contributing to many other
aspects of cell signalling (18) Functionally, three LC-PUFA
(DGLA, AA, and EPA) are particularly important as sub-
strates for the eicosanoids—highly bioactive hormone-like
substances including prostaglandins, leukotrienes, and throm-
boxanes. These derivatives play key roles in regulating blood
flow and endocrine and immune functions and can modulate
ion channels, neurotransmitter uptake, synaptic transmission,
apoptosis, and many other biological processes.

An adequate and appropriately balanced supply of LC-
PUFA is thus required for normal brain function, both during
early development and throughout life. Unfortunately, there
are many possible reasons why their availability may be less
than optimal, particularly in the case of omega-3 FA.

POSSIBLE REASONS FOR FUNCTIONAL DEFICIENCIES
OR IMBALANCES IN LC-PUFA

First, these FA are scarce in many modern diets, especially those
in which highly processed foods predominate. This particularly
applies to the omega-3 LC-PUFA most important for the brain
(EPA and DHA), which are found in appreciable quantities only
in fish and seafood. Their precursor, ALA, is found in green
vegetables and some nuts and seeds, but its conversion to EPA
and DHA is limited, as discussed further below. Omega-6 fats

are much more plentiful, because most vegetable oils are rich in
LA, and AA is provided directly by meat and dairy products.
Overall, the last century has seen dramatic increases in the ra-
tios of omega-6 to omega-3 in average Western-type diets, from
approximately 3:1 to more than 20:1 in some cases (19). Gene
transfer studies have recently provided powerful evidence that
the earlier ratios were much closer to the optimum for healthy
human cells (20), and this relative disappearance of omega-3
FA from the diet has already been explicitly linked with in-
creased rates of many disorders of both physical and mental
health, including cardiovascular disease, immune disorders, de-
pression, and schizophrenia (19,21–23). Similar effects seem
likely with respect to childhood developmental and psychiatric
disorders.

Second, there may be difficulties in the synthesis of LC-
PUFA from LA or ALA. In vivo studies indicate that this con-
version process is not very efficient in humans (24,25), but it
can also be affected by diet and lifestyle as well as constitutional
factors. Males appear particularly vulnerable to LC-PUFA defi-
ciency, as testosterone can impair LC-PUFA synthesis, whereas
estrogen helps to protect these FA from breakdown (26,27).
Some in vivo synthesis of DHA from ALA was observed in
adult females (28), but none was detectable in adult males stud-
ied using the same methodology (29). These sex differences are
interesting in view of the excess of males affected by most of
the developmental and psychiatric disorders considered here.
LC-PUFA synthesis may also be impaired in atopic conditions
such as eczema (30), which are commonly associated with
ADHD, dyslexia, autism, and related conditions. From these
and other observations, constitutional inefficiencies in LC-
PUFA synthesis were explicitly proposed in the first study im-
plicating FA abnormalities in ADHD (31).

Constitutional factors affecting other aspects of FA metab-
olism may also reduce the availability of LC-PUFA. FA are
constantly replaced and recycled during the normal turnover
and remodeling of cell membranes and in the chemical cas-
cades triggered by normal cell signalling processes. Phospho-
lipase A2 (PLA2) enzymes cleave highly unsaturated FA from
the sn-2 position of membrane phospholipids, creating FFA
and lyso-phospholipids that are highly vulnerable to oxidation
and require rapid recycling via at least two further enzyme
steps. A huge number of other enzymes are involved in the
transport and utilization of FA in the brain and body. Individual
differences in their efficiency will have implications for optimal
dietary requirements for LC-PUFA, and genetic influences on
them may contribute to the risks for various developmental
and psychiatric disorders (12).

A ROLE FOR LC-PUFA IN CURRENT THEORIES 
OF CHILDHOOD NEURODEVELOPMENTAL 
AND PSYCHIATRIC DISORDERS

The etiologies of ADHD, dyslexia, autism, and related disor-
ders are obviously highly complex and multifactorial. Further-
more, LC-PUFA have such profound and widespread influences
on brain development and function that their potential roles in
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these conditions are innumerable. In current theories of these
neurodevelopmental disorders, however, a few themes seem
particularly relevant to possible mechanisms by which FA de-
ficiencies or imbalances could play a contributory role.

Immune function. Many aspects of normal brain develop-
ment and plasticity are influenced by the immune system (32),
and abnormal immune reactivity is increasingly implicated in
a wide range of neurodevelopmental and psychiatric disorders
(33–37) Imbalances in LC-PUFA will give rise to imbalances
in eicosanoid production, and although the relative effects of
omega-3 and omega-6 FA on immune function are complex
(38), derivatives of AA and EPA generally have opposing ac-
tions such that a relative lack of omega-3 increases tendencies
toward inflammation and autoimmune reactivity via these and
other mechanisms (39).

The minor neuroanatomical abnormalities reported in
dyslexic brains postmortem are consistent with inflammatory
processes that could plausibly reflect low dietary omega-3 dur-
ing early development (40). Similarly, some of the visual pro-
cessing deficits associated with dyslexia are thought to reflect
autoimmune influences in utero (41). However, functionally
inadequate levels of DHA at any developmental stage could
play a part, given the crucial importance of this omega-3 FA
for visual function, and whether visual deficits in dyslexia may
respond to treatment with omega-3 LC-PUFA is the subject of
ongoing studies. In addition to its unique role in visual signal
transduction (42), DHA also gives rise to derivatives that have
anti-inflammatory properties (43,44). These recent findings in-
vite further exploration of the relative contributions of EPA
and DHA to immune system changes following LC-PUFA ad-
ministration, although preliminary evidence suggests that EPA
may be more effective in the treatment of neurodevelopmental
and psychiatric disorders, as discussed later.

Gut–brain interactions. The gut is a key interface in psycho-
neuroimmunological reactions—the highly complex interac-
tions between the immune system and the brain, and digestive
disorders are highly prevalent in children with neurodevelop-
mental disorders, especially within the autistic spectrum. In
early life, dietary LC-PUFA are important to the establishment
and maintenance of healthy gut flora and can influence Th1
and Th2 programming by gut-associated lymphoid tissues,
with consequences for autoimmune or allergic responses (45).
Relative omega-3 deficiencies may predispose a person to gut
inflammation and associated increases in membrane perme-
ability in a variety of ways (46), with negative effects on nu-
trient absorption and detoxification processes. The potential
implications of immune–gut disturbances of this kind are
widespread, and include deleterious effects on brain function.

Neurotransmitter function. The limitations of simplistic
neurotransmitter-imbalance models of psychiatric illness
have long been apparent, but the many ways in which FA and
their metabolism can affect the functioning of conventional
neurotransmitter systems—and the implications of this for
many disorders of mental health and development—are only
just starting to be fully appreciated (1,21). These also relate
to the issues already mentioned, because many substances re-

garded primarily as neurotransmitters also play crucial sig-
naling roles in the gut. Furthermore, pro-inflammatory cy-
tokines have been shown to alter the function of monoamine
neurotransmitters implicated in stress, sleep disorders, and
depression (47,48).

Omega-3 supplementation can modulate the adrenal acti-
vation induced by mental stress (49), and dietary omega-3 FA
are known to affect serotonergic function, which may help to
explain their beneficial effects as reported in controlled trials
of depression (50–52) and in preventing or reducing hostility
and aggression (53,54). These clinical features are commonly
associated with the childhood disorders considered here, rais-
ing the possibility that LC-PUFA could also help in the man-
agement of these conditions.

ADHD is routinely treated using stimulant medications
that increase the availability of dopamine, a fact reflected in
all pharmacological theories of this condition. It is thus of in-
terest that chronic omega-3 deficiency reduces dopamine (and
its binding to D2 receptors) in the frontal cortex and is associ-
ated with comparable attentional and behavioral dysfunction
in animal studies (55,56). Recent evidence from such studies
indicates that some effects of early omega-3 deficiency on
dopaminergic systems may be more amenable to subsequent
dietary interventions than others (57), but whether ADHD
symptoms in children can be reduced by LC-PUFA treatment
still requires further exploration in clinical trials, as discussed
later.

EVIDENCE FOR FA ABNORMALITIES IN CHILDHOOD
DEVELOPMENTAL AND PSYCHIATRIC DISORDERS

Physical signs consistent with FA deficiency—such as exces-
sive thirst; frequent urination; rough, dull, or dry hair and
skin; and soft or brittle nails—have been repeatedly linked
with ADHD, dyslexia, and autistic spectrum disorders
(31,58–63). These kinds of physical symptoms can obviously
have other causes, but their association with these neurode-
velopmental disorders merits further investigation.

Reduced blood concentrations of LC-PUFA in ADHD chil-
dren compared with controls have been found in several studies
(62–66). The precise pattern of results has varied, but reduc-
tions of AA as well as DHA have usually been apparent, and
plasma concentrations appear to show the most consistent find-
ings. One recent study still found reduced plasma LC-PUFA in
ADHD children despite significantly elevated concentrations of
the same FA in red cell membranes (67). Relationships between
blood biochemical and behavioral or health measures have also
been explored in some studies. In 16 boys with ADHD, behav-
ior problems were inversely correlated with γ-linolenic acid
(GLA), but not its precursor LA, in serum TG (68), which was
interpreted as reflecting a possible bottleneck in this conver-
sion pathway. In a larger study of 96 ADHD and control boys,
behavioral and learning problems were greater in those with
low vs. high plasma phospholipid concentrations of omega-3
FA, irrespective of clinical diagnosis; but no such association
was found for low and high omega-6 FA groups (65).
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In autistic spectrum subjects LC-PUFA abnormalities have
been reported in both plasma (69) and red blood cell (RBC)
membranes (59,60). Findings include particular reductions in
omega-3 LC-PUFA, an elevated AA/EPA ratio and an appar-
ent increased susceptibility to the breakdown of membrane
FA, possibly reflecting increased oxidative stress (70).

In dyslexia, blood biochemical studies to date are few, but
include one early case report of FA deficiency in a dyslexic
child (71) and the finding of elevated levels of a Type IV
PLA2 enzyme in RBC membranes of dyslexic adults relative
to controls (72). New studies have also yielded interesting
preliminary results. Omega-3 concentrations in RBC polar
lipids were directly correlated with reading ability in both
dyslexic and nondyslexic adults, although they did not differ
significantly between the two groups (73). Poor working
memory performance—a hallmark of dyslexia—was associ-
ated with low omega-3 status only in dyslexic adults, not in
controls; and the same was true of schizotypal personality
traits involving attentional dysfunction (74).

Although these kinds of studies broadly support the pro-
posal that LC-PUFA may play a part in these childhood de-
velopmental and psychiatric disorders, the interpretation of
blood biochemical measures remains difficult. They reflect
complex interactions between influences of diet and other en-
vironmental factors with constitutional aspects of FA metab-
olism, and not enough is yet known about normal variability
in LC-PUFA in compartments such as RBC vs. plasma, or TG
vs. phospholipid fractions. Further investigations of the clini-
cal significance of these kinds of measures are needed, ideally
using samples drawn from the general community.

RANDOMIZED CONTROLLED TRIALS OF FA 
TREATMENT IN ADHD, DYSLEXIA, AND RELATED
CONDITIONS

Intervention studies provide the most direct evidence that FA
can play a role in developmental and psychiatric disorders of
childhood. Anecdotal evidence, case reports, and open stud-
ies all suggest possible benefits from FA treatment in these
conditions (71,75,76), but randomized controlled trials (RCT)
are essential to demonstrate causality. Published studies of
this kind remain few, although others are in progress. Only an
overview summary can be provided here, but a recent review
provides further details (77).

Two of the earliest RCT assessed the effects of evening
primrose oil (providing the omega-6 FA GLA) in hyperactive
or ADHD children (78,79). Unfortunately, the study designs
were not optimal in either case, involving treatment periods
of only one month as well as potential confounds from the use
of full-treatment crossover. Few benefits from such supple-
mentation were apparent from these trials, although some
positive trends were noted.

Since then, emphasis has shifted toward omega-3 FA, but
two studies have shown no benefits from supplementation
with DHA alone. In the first of these (80), 63 U.S. children
aged 6–12 yr with a formal DSM-IV diagnosis of ADHD

were randomized to treatment with either 345 mg/d of pure
algal-source DHA or placebo for 4 mon in addition to main-
tenance stimulant medication. Outcome measures included
scores on computer-presented tests of inattention and impulsiv-
ity as well as clinical and parent ratings of ADHD symptoms.
Compared with the placebo, active treatment significantly in-
creased DHA in plasma phospholipids, but no group differences
were found for any behavioral outcomes. The second such RCT
involved 40 Japanese children aged 6–12 yr attending a sum-
mer camp for their ADHD-type difficulties (81). They received
either foods fortified with DHA (at a dosage of approximately
0.5 g/d) or indistinguishable control foods for 2 mon. A wide
range of measures was used pre-and post-treatment, but the
only significant difference between treatment groups involved
greater improvements over time on visual and auditory mem-
ory tests for those on placebo.

In contrast to these negative results for DHA, two other
studies have shown some reduction in ADHD symptoms in
children treated with combined omega-3/omega-6 supple-
ments. One involved 50 ADHD-type children, preselected for
physical signs consistent with FA deficiency and treated for 4
months with a supplement containing fish oil and evening
primrose oil in a 4:1 ratio (providing 480 mg DHA, 80 mg
EPA, 96 mg GLA, 40 mg AA, and 24 mg alpha-tocopheryl
acetate daily) or an olive oil placebo (82). Both groups
showed improvements, but significant benefits for active
treatment over placebo were found for 2 of 16 outcomes—
parent-rated conduct problems and teacher-rated attentional
difficulties. In addition, oppositional defiant behavior dropped
from clinical to subclinical levels in significantly more chil-
dren receiving active treatment.

The other positive study used very similar treatments but
involved children with a primary diagnosis of dyslexia who
were selected for above-average ADHD-related symptoms
(83). After 12 wk of supplementation (providing 480 mg
DHA, 186 mg EPA, 96 mg GLA, 42 mg AA, and 60 IU vita-
min E as DL-α tocopherol per day), scores for anxiety, atten-
tional difficulties, and general behavior problems were sig-
nificantly lower for the 15 children on active treatment than
the 14 on the olive oil placebo. In a 12-wk follow-up stage in-
volving one-way treatment crossover, similar improvements
in ADHD-related symptoms were then seen in the placebo
group when they switched to active treatment (84).

These contrasting results still require elucidation via fur-
ther research. Two particular issues worth considering here,
however, include the populations studied and the nature of the
treatments used.

Populations studied. Research into the underlying biology
of ADHD, dyslexia, and related conditions is complicated by
the descriptive and categorical nature of these diagnoses, as
there is always substantial heterogeneity within such clini-
cally defined populations. In both of the negative studies
using DHA, participants were selected using purely behav-
ioral criteria rather than from a biochemical perspective. The
U.S. study (80) involved full psychiatric evaluation and in-
cluded only children formally diagnosed with “pure” DSM-
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IV ADHD. Given the high comorbidity within ADHD, this
would rule out a large proportion of children otherwise eligi-
ble for this diagnosis and might even equate to “throwing out
the baby with the bathwater.” In adults, omega-3 FA have al-
ready shown promise in the treatment of unipolar depression
(50–52), bipolar disorder (85), and borderline personality dis-
order, (54) so excluding those ADHD children with comor-
bid difficulties of this kind might well eliminate those most
likely to benefit from this type of treatment. Many children
receiving the ADHD diagnosis have comorbid anxiety or
mood disorders. Furthermore, stimulant medications appear
to be ineffective in up to 70% of ADHD children with this
profile (86–88), and their negative side effects more likely
(89). Given the evidence from studies of adults with mood-
related disorders, omega-3 treatment trials seem well war-
ranted in these subsets of ADHD children, as well as in chil-
dren with a primary diagnosis of depression.

In the Japanese study showing negative results for DHA-
fortified foods (81), children were again selected for ADHD,
although formal diagnostic information was limited. Bio-
chemical measures were not available to assess FA status, but
background diet might have been a factor given that Japanese
diets are traditionally fairly rich in omega-3.

By contrast, the U.S. study showing some benefits from
LC-PUFA (82) took a biochemical perspective, in that subjects
were preselected for physical signs consistent with FA defi-
ciency that had previously been found to relate to blood FA
concentrations (63). Formal psychiatric diagnoses of ADHD
were not used, although all children were under clinical care
for this condition. Instead, recruitment was by advertisement,
so that comorbidity probably reflected the usual high levels
found in community samples. The other positive study (83) in-
volved dyslexic children who were selected for above-average
scores on dimensional measures of ADHD-related symptoms.
Similar findings have now emerged from a larger, but as yet
unpublished, trial of children with a primary diagnosis of dys-
praxia/DCD (see Ref. 77), although biochemical measures
were not included in either of these studies.

Preliminary evidence therefore suggests that treatment
with LC-PUFA can ameliorate ADHD-related symptoms in at
least some groups of children who show these kinds of behav-
ioral and learning difficulties. Careful consideration of comor-
bidity issues seems worthwhile in further studies, although the
inclusion of biochemical measures of FA status would also be
an obvious advantage.

Composition of FA treatments. The optimal composition
of LC-PUFA treatments also requires further investigation.
There is no convincing evidence that omega-6 FA alone are
of benefit in these conditions, although this has only been ex-
plored in the first small studies using evening primrose oil.
With respect to omega-3, two studies found DHA ineffective
in reducing ADHD symptoms (80,81), and two others found
some advantages over placebo for supplements containing
both EPA and DHA (as well as some omega-6) (82,83). Evi-
dence from several RCT involving adult psychiatric patients
suggests that EPA may be more effective than DHA in the

treatment of functional disturbances of attention, cognition,
or mood. Thus, DHA has been found ineffective in treating
both depression (90) and schizophrenia (91), whereas pure
EPA has shown significant benefits in these conditions
(50,51,92).

Findings to date therefore suggest that EPA may be more
effective than DHA in the conditions discussed here, which
may seem counterintuitive given that DHA is undeniably
more important than EPA in the structure of neuronal mem-
branes. EPA nonetheless appears to play many key functional
roles in the brain. Its eicosanoid derivatives are key regula-
tors of immune, endocrine, and cardiovascular functions, and
direct actions of EPA on cyclo-oxygenases, lipoxygenases,
phospholipases, acylating systems, ion channels, mitochon-
dria, and peroxisome proliferator-activated receptors (PPAR)
are the focus of current investigations across many different
fields of study. No studies have yet shown any benefits from
pure DHA in developmental or psychiatric disorders, but direct
comparisons of EPA and DHA—and of treatments contain-
ing these in different proportions—are needed to establish
with any certainty their relative merits in the treatment of
these conditions.

SUMMARY AND CONCLUSIONS

The childhood developmental and psychiatric disorders con-
sidered here are complex, multidimensional syndromes with
considerable overlap at the individual and familial levels. The
evidence reviewed here suggests that they share some com-
mon biological risk factors, and that these may include abnor-
malities of FA metabolism that increase dietary requirements
for these essential nutrients.

Findings from controlled trials suggest that LC-PUFA sup-
plements may be of some value in the management of these
conditions. Modest benefits in reducing ADHD-related symp-
toms have been observed in two studies using combined
omega-3/omega-6 FA from fish oil and evening primrose oil,
but other studies using GLA or DHA alone have been nega-
tive. Together with similar evidence from studies of adult psy-
chiatric disorders, these findings raise the possibility that the
omega-3 FA EPA may be the most effective component of FA
treatments aimed at improving behavior, learning, and mood.
Larger studies involving direct comparisons of different treat-
ments are needed to resolve these issues 

In conclusion, a biochemical/nutritional approach focus-
ing on FA and their metabolism offers considerable promise
in identifying at least some factors contributing to childhood
developmental and psychiatric disorders, and could lead to
better methods for early identification and treatment of these
conditions. It is argued here, however, that an exclusive focus
on current diagnostic categories may be unhelpful given the
substantial heterogeneity and comorbidity involved. Dimen-
sional measures of specific traits and symptoms may prove
more useful in identifying those individuals most likely to
benefit from this approach.
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ABSTRACT: Epidemiological studies show that populations
consuming a predominantly plant-based Mediterranean-style
diet exhibit lower incidences of chronic diseases than those eat-
ing a northern European or North American diet. This observa-
tion has been attributed to the greater consumption of fruits and
vegetables and the lower consumption of animal products, par-
ticularly fat. Although total fat intake in Mediterranean popula-
tions can be higher than in other regions (ca. 40% of calories),
the greater proportion is derived from olive oil and not animals.
Increased olive oil consumption is implicated in a reduction in
cardiovascular disease, rheumatoid arthritis, and, to a lesser ex-
tent, a variety of cancers. Olive oil intake also has been shown
to modulate immune function, particularly the inflammatory
processes associated with the immune system. Olive oil is a
nonoxidative dietary component, and the attenuation of the in-
flammatory process it elicits could explain its beneficial effects
on disease risk since oxidative and inflammatory stresses ap-
pear to be underlying factors in the etiology of these diseases in
man. The antioxidant effects of olive oil are probably due to a
combination of its high oleic acid content (low oxidation po-
tential compared with linoleic acid) and its content of a variety
of plant antioxidants, particularly oleuropein, hydroxytyrosol,
and tyrosol. It is also possible that the high oleic acid content
and a proportionate reduction in linoleic acid intake would
allow a greater conversion of α-linolenic acid (18:3n-3) to
longer-chain n-3 PUFA, which have characteristic health bene-
fits. Adoption of a Mediterranean diet could confer health ben-
efits in high-risk populations.

Paper no. L9617 in Lipids 39, 1223–1231 (December 2004).

THE MEDITERRANEAN DIET AND HEALTH

The main reason for the interest shown by nutritionists and
health professionals in the “Mediterranean diet” relates to epi-
demiological observations that certain populations living in
and around the Mediterranean area have very low incidences

of chronic diseases, particularly those with an inflammatory
etiology such as heart disease, cancer and rheumatoid arthri-
tis (RA), and that they display greater longevity when com-
pared with northern European and American populations
(1–3). Although a great deal has been published that suggests
a specific, clearly defined Mediterranean diet exists, this is
patently not the case since diets in this region vary significantly
between countries. There are, however, strong similarities in
the traditional diets from the Mediterranean region that distin-
guish them from those consumed in northern Europe and North
America in that they are largely plant based. The characteris-
tics are not uniform throughout the region but generally include
a high consumption of vegetables, fruit, legumes, and grain (in
the form of whole-grain bread), a relatively low consumption
of meat, particularly red meat, a moderate consumption of
dairy products other than cheese, a moderate intake of alcohol
(mainly wine at meals), and a relatively high intake of olive oil
as the major fat source when compared to Northern European
and North American traditional diets (3,4).

This review will focus on the possible health benefits of
olive oil, which is the major culinary fat in the classical
Mediterranean diet. The total fat intake in this diet can be rel-
atively high, as in Greece with ca. 40% of total calories as fat
which is higher than in many North American populations, or
moderate, as in Italy with ca. 30% of calories as fat, but the
greater proportion of this fat is derived from olive oil and con-
sequently the diet is rich in monounsaturated FA (MUFA).
Fish consumption and the intake of omega-3 PUFA (n-3
PUFA) also vary considerably between different Mediter-
ranean populations, depending mainly on their proximity to
the sea. However, the ratio of MUFA to saturated FA is al-
ways much greater than in northern Europe and America due
to the relatively high olive oil intake in these areas (3,4). The
Seven Countries Study (1–5) in the 1950s and 1960s clearly
showed that, despite having higher total fat intake (ca. 40%
of energy), populations in Greece, particularly on Crete where
adherence to the traditional diet was most pronounced, have
lower disease incidence, particularly cardiovascular disease
(CVD), and lower death rates from all causes in middle age
than those in northern Europe and North America. This im-
plicated the type, rather than the amount, of dietary fat as a
prime causal factor in the etiology of disease, particularly
CVD. This is important since positive associations between
high fat consumption (ca. 40% of energy) and diseases such

*To whom correspondence should be addressed. 
E-mail k.wahle-l@rgu.ac.uk
ARA, arachidonic acid; cGPx1, cytosolic glutathione peroxidase; COX, cy-
clooxygenase: CVD, cardiovascular disease; GPX1, glutathione peroxidase;
GPX4, phospholipid glutathione peroxidase; HUVEC, human umbilical vein
endothelial cells; ICAM-1, intercellular adhesion molecule 1; IL, interleukin;
LOX, lipoxygenase; LT, leukotriene; MUFA, monounsaturated FA; NK, nat-
ural killer; PGE2, prostaglandin E2; RA, rheumatoid arthritis; ROS, reactive
oxygen species; VCAM-1, vascular cell adhesion molecule 1.

Olive Oil and Modulation of Cell 
Signaling in Disease Prevention

Klaus W.J. Wahlea,*, Donatella Carusob, Julio J. Ochoac, and Jose L. Quilesc

aSchool of Life Sciences, The Robert Gordon University, Aberdeen, AB25 1HG, Scotland, United Kingdom, 
bDepartment of Pharmacological Sciences, University of Milan, Italy, and cInstitute of Nutrition 

and Food Technology, Department of Physiology, University of Granada, Spain

Copyright © 2004 by AOCS Press 1223 Lipids, Vol. 39, no. 12 (2004)

 



as cancer of the colon (6), breast (7,8), prostate (8,9), and
ovary (10) as well as atherosclerosis (11) and coronary heart
disease (12) are reported. However, the link between total fat
intake and cancer of the breast and colon has been refuted
(13,14) and, as with CVD, it appears that the type rather than
the amount of fat is important in the etiology of some cancers
(15). This was supported by evidence from Greece and Israel
where the average daily fat intakes are 140 and 100 g, respec-
tively, with higher animal fat (60 vs. 40 g) and vegetable fat
(80 vs. 60 g) in the former. However, the lower mortality from
breast cancer in Greece than in Israel (16) may be explained
by the fact that the vegetable fat in Greece was mainly olive
oil whereas that in Israel was mainly sunflower oil (17). In-
creasing intakes of MUFA as olive oil would be expected to
reduce the relative intake of saturated fat as seen in the high
MUFA/saturated FA ratios in Mediterranean diets. Replace-
ment of saturated fat with either MUFA or PUFA has been
shown to confer health benefits, particularly in relation to
CVD (18,19). The relative importance of the MUFA content
of the Mediterranean diet to its recognized health benefits will
be discussed in this review.

Although the MUFA content of olive oil (ca. 85% oleic
acid, on average) is important in conferring certain health
benefits attributable to this dietary constituent, recent studies
have shown that the minor components of this oil may be
equally, if not more, important. Although the content of the
anti-oxidant vitamin E (α-tocopherol) is low in olive oil com-
pared with corn or safflower oil, the content of other antioxi-
dants such as squalene, simple phenols (e.g., oleuropein,
ligstroside-aglycones, tyrosol, hydroxytyrosol, elenolic acid,
caffeic acid, apigenin, terpenes, plus numerous others), sec-
oiridoids, and the lignans (e.g., acetoxypinoresinol and
pinoresinol) is relatively much higher, particularly in cold-
pressed extra virgin olive oil (20). Other dietary sources of
phenolic antioxidants are tea, fruit (including grapes, particu-
larly red grapes), and vegetables. Phenols from tea and fruit
are water-soluble, whereas those from olive oil are partly
lipid-soluble (21). A Mediterranean-type diet rich in olive oil
will supply about 10–20 mg of a mixture of these phenols per
day (22). These phenolic compounds are absorbed from the
diet in humans (ca. 55–66% of intake; 23,24) in a dose-de-
pendent manner, appear in plasma, and are excreted in the
urine as glucuronide conjugates of mainly tyrosol and hy-
droxytyrosol. The level of excretion depends on the amount
ingested, but only a small fraction of that amount is recovered
in urine (23–26). It appears to be impossible to completely
eliminate hydroxytyrosol from biological fluids despite strict
dietary control preventing its ingestion. This is attributable to
the fact that this phenolic compound is also a metabolite (di-
hydroxyphenylethanol) of dopamine in the body (26). The
lipid-soluble phenolic compounds are transported in the
lipoprotein fraction of plasma and have been shown to atten-
uate the oxidation of LDL fractions in vitro, and this attenua-
tion has been promulgated as a major factor in the antiathero-
genic effects of olive oil (22,27,28).

MECHANISMS OF DISEASE PREVENTION

(i) Cardiovascular disease. As mentioned above, olive oil is
the main source of dietary lipids in the Mediterranean regions
where mortality and incidence rates for coronary heart dis-
ease are the lowest in Europe (1,29,30). This protective effect
against heart disease has been attributed, at least in part, to
the high content of MUFA in olive oil (ca. 85% oleic acid and
only 4–5% linoleic acid), which generally results in a con-
comitant reduction in intake of saturated FA and PUFA. This
results in LDL particles that are more resistant to oxidation in
vitro because of the lower susceptibility to oxidation of
MUFA compared with PUFA. In several dietarey studies in
humans and experimental animals, virgin olive oil and oleic
acid-rich diets that do not contain the phenolic anti-oxidants
of olive oil, have been shown to decrease LDL susceptibility
to oxidation and to lower LDL-cholesterol levels without af-
fecting HDL-cholesterol; both effects are regarded as an-
tiatherogenic (31–34). Western diets contain an excess of
linoleic acid (18:2n-6) (ratio of n-6/n-3 is 15–20:1 instead of
the recommended 4–5:1), which has a recognized cholesterol-
lowering effect. It is now also recognized that dietary linoleic
acid favors such deleterious effects as oxidative modification
of LDL-cholesterol, increased platelet aggregation, and sup-
pressed immune function (35). The Cretan diet also contains
significant levels of α-linolenic acid (18:3n-3), and the low
n-6 PUFA content should allow a greater metabolism of α-
linolenic acid to its longer-chain metabolites EPA (20:5n-3)
and DHA (22:2n-3), which are the precursors of different,
possibly less inflammatory series of prostanoids [III series
prostaglandins (PG) and V series leukotrienes (LT) mainly
from EPA] than the n-6 PUFA with potential benefits to car-
diovascular parameters. This was evident from the greater
levels of the latter FA in plasma from Cretan as compared
with plasma from Dutch volunteers. Similarly, in the Lyon in-
tervention study, where European volunteers consumed an
adapted Mediterranean diet, high plasma concentrations of
oleic acid, enhanced 18:3n-3 to 18:2n-6 ratios, and longer-
chain n-3 PUFA as well asand higher plasma concentrations
of vitamin E and C were observed (35). The intervention
group had no sudden deaths (35), suggesting anti-arrhythmic
effects similar to those observed for long-chain n-3 PUFA
from fish oil (36–38). A previous study showed that high in-
takes of 18:3n-3 (ca. threefold greater than that of control
intake at 0.25% of calories vs. 0.755% of calories, respec-
tively) were associated with increased plasma and platelet
20:5n-3 when 18:2n-6 intake was 4.8% of energy but not
when it was 8.9% of energy (39). Similar observations were
reported by Emken et al. (40) in human volunteer studies
using isotope tracers. The conversion of deuterated 18:3n-3
to its longer-chain metabolites (EPA and DHA) was reduced
by about 50% when dietary intake of 18:2n-6 was increased
from 4.7 to 9.3% of energy. This can be explained by the
competition between the n-6 and n-3 PUFA families for the
desaturation pathway, where an excess of 18:2n-6 will inhibit
desaturation of 18:3n-3. In Mediterranean countries, 18:2n-6 in-
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take is generally at the moderate level of about 3–4% of di-
etary energy, thereby allowing adequate 18:3n-3 desaturation.
Such effects of high oleic acid intakes have not been given
sufficient recognition. Wahle et al. (8) observed a marked in-
crease in 22:6n-3 and 20:4n-6, and an even greater decrease
in 18:2n-6 of cardiac phospholipids (both PC and PE), when
synthetic high-triolein diets were fed to obese Zucker rats.
This again suggested an increased desaturation of dietary
18:3n-3 to 22:6n-3 because no fish oil was present in the diets.
The beneficial effects of long-chain n-3 PUFA on cardiac ar-
rhythmias in animals are well documented (see above), and it
is conceivable that MUFA can elicit similar effects through
modulation of desaturation mechanisms by decreasing the
competitive inhibition of the high levels of 18:2n-6. This is a
mechanism that offers a further explanation for the putative
benefits of olive oil consumption, in tandem with 18:3n-3 in-
take, on CVD. The antiatherogenic effects of olive oil and
oleic acid on classical plasma lipid risk factors have been well
documented and have already been mentioned in this article. 

MUFA-rich, Mediterranean-type diets also elicit signifi-
cant beneficial, antithrombogenic effects on endothelial prod-
ucts such as von Willebrand factor (vWF), thrombomodulin,
Tissue Factor Pathway Inhibitor, and E-selectin, which were all
decreased in healthy male volunteers receiving a MUFA-rich
diet (41). These decreases correlated with an increase in lag-
time for LDL oxidation (41). Precisely how MUFA elicit these
effects on endothelial products is not clear, but the mechanism
could involve decreased oxidative stimuli and/or changes in
FA composition.

In recent years there has been increasing interest in the
presence of antiatherogenic and antithrombogenic effects of
the minor phenolic components of olive oil as a way to ex-
plain the health benefits of the “Mediterranean diet.” There is
increasing evidence that certain of these compounds, but not
all of them, display significant antioxidant activity, can in-
crease the resistance of LDL particles to oxidation in vivo and
in vitro (20–22,27), and inhibit platelet aggregation in vitro
(42). Since atherogenesis and CVD are increasingly being re-
garded as an oxidative-inflammatory stress disorder (43),
these dietary phenolic compounds offer another explanation
for the observed cardiovascular health benefits, as well as
other oxidative or inflammatory stress-induced diseases (see
following discussion), of dietary olive oil. Phenolic com-
pounds from virgin olive oil and red wine elicit protection in
animal models against inflammation, inhibit vascular smooth
muscle cell migration, and, at the cellular level, enhance the
expression and activity of endothelial nitric oxide synthase
(44–46).

Leukocyte/monocyte adhesion to the endothelium and
their extravasation into the vessel wall is a very early stage of
the atherogenic process leading to vascular disease and the
first indication of endothelial dysfunction. The mechanism to
explain this process appears to be predominantly the oxida-
tive stress and/or inflammatory cytokine-induced increase in
expression at the endothelial cell surface of specific endothe-
lial-leukocyte adhesion molecules that tether the circulating

cells prior to their invasion of the intima of the vessel wall
(47,48). Circulating cancer cells utilize the same process prior
to the development of metastatic secondary loci in various tis-
sues (49).

The expression of these adhesion molecules in cells at the
transcriptional and translational level (mRNA and protein) as
well as the activity level appears to be largely regulated by
redox-sensitive mechanisms in the cells, with enhanced redox
state leading to decreased expression (50–53). n-3 Long-
chain PUFA from fish, despite their reported enhancement of
LDL oxidation in vitro, decrease the expression of cytokine-
induced adhesion molecules such as intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), E-selectin, and P-selectin that are present on acti-
vated endothelial cells, and leukocytes/monocytes at the
mRNA, protein, and activity level (54–59). A possible expla-
nation for the effect of n-3 PUFA on adhesion molecule ex-
pression is the observation that these FA can up-regulate the
expression and activity of the redox enzymes glutathione per-
oxidase (GPX1) and phospholipid glutathione peroxidase
(GPX4) when compared with the n-6 arachidonic acid (ARA;
20:4n-6), a process that would be expected to decrease expres-
sion of the adhesion molecules (51). Inhibition of adhesion
molecule expression in human umbilical vein endothelial cells
(HUVEC) by CLA could also be due to the observed up-regu-
lation of these redox enzymes when these FA are present
(60,61).

Phenolic compounds from both olive oil and red wine such
as oleuropein, tyrosol, hydroxytyrosol, apigenin and resveratrol
at concentrations of ca. 30 µM can significantly attenuate the
inflammatory cytokine-induced activation of endothelial cells
and the transcriptional/translational up-regulation of adhesion
molecules like ICAM-1, VCAM-1, and E-selectin by ca.
40–70% (61–63) and decrease monocyte cell adhesion to acti-
vated endothelial cells by ca. 20–30% (63). Surprisingly, a total
phenolic extract of olive oil at concentrations from 10 to 250
µM actually increased the expression of ICAM-1 and E-selectin
mRNA in HUVEC by about 25 to 550% in the presence of 10
U/mL interleukin-1β but elicited no effect on expression
without the cytokine (61). The explanation for this is not
clear, since hydroxytyrosol, apigenin and, to a lesser extent,
tyrosol at similar concentrations inhibited the mRNA expres-
sion of these adhesion molecules (61). The lesser effect of ty-
rosol was to be expected since this phenolic compound is less
of an antioxidant than hydroxytyrosol (20). 

The effects of olive oil and red wine phenolics on gene ex-
pression of adhesion molecules are mostly determined indi-
vidually, and little is known of any interactions or synergisms
between these compounds and other components of the diet.
We have investigated the interaction of the polyphenolics
from green tea, quercetin, and kaempferol, and have observed
a significant synergism between these compounds and n-3
PUFA in inhibiting the cytokine-induced expression of adhe-
sion molecules on HUVEC. The presence of either n-3 PUFA
or phenolics alone resulted in a ca. 50% inhibition of expres-
sion compared with control, but this was not as great an inhi-
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bition as when the compounds were present in combination,
where a further ca. 50% inhibition of the individual effects
was observed (64). This is a reminder that the effects of di-
etary components should not be investigated or interpreted in
isolation and that diets are a complex mixture of compounds
that can have surprising interactions. Another case in point is
the observation that, when phenolics are extracted together as
a mixture from olive oil, they appear to have the opposite ef-
fect to the individual phenolic compounds. Whether similar
interactions between n-3 PUFA and the phenolics from olive
oil also occur is presently being investigated in our labora-
tory.

(ii) Cancer. The overall incidence of cancer is significantly
lower in countries adhering to or partly adhering to the tradi-
tional Mediterranean diet when compared with northern Eu-
rope and North America, but differences are not as dramatic
as seen with CVD (65,66). The differences are largely due to
the lower incidence of colorectal cancer and cancer of the
breast, prostate, and endometrium in these regions. The etiol-
ogy of these specific cancers appears to have a strong dietary
element and includes low intakes of fruit, vegetables, and
whole-grain products and relatively high intakes of animal
products (meat and fat) (3,4,67). It has been estimated that
about 25% of colorectal cancer, 15% of breast cancer, and
10% of prostate, endometrial, and pancreatic cancers could
be prevented if the populations of the more developed north-
ern European countries and North America adopted a tradi-
tional Mediterranean type diet (3,4). 

(iii) Cell mechanisms affected by diet. Although the tradi-
tional Mediterranean diet, particularly the intake of fruit, veg-
etables, and olive oil, is capable of reducing the incidence of
various cancers, the cellular mechanisms by which this is
achieved are not clearly understood. It is conceivable that the
lower intake of linoleic acid and higher intakes of oleic and
α-linolenic acids could play an important role in preven-
tion/amelioration of certain cancers. In animal models of var-
ious cancers, the feeding of high levels of linoleic acid en-
hanced tumor growth, development, and metastasis whereas
feeding long-chain n-3 PUFA from fish (EPA and DHA)
elicited the opposite effect (68). As already mentioned, the
high oleic acid intake and lower linoleic acid intake in olive
oil-based Mediterranean diets would allow greater metabo-
lism of 18:3n-3 to the longer-chain n-3 derivatives found in
fish oils (EPA and possibly DHA) and could possibly elicit a
similar effect to that of fish oil in reducing tumor growth and
metastasis (68–70).

The beneficial effects of these n-3 PUFA in both vascular
disease and animal models of cancer (and possibly in other
immune/inflammatory-based diseases) appear to reside in
their ability to attenuate the effects of oxidative and inflam-
matory processes, partly by inhibiting the expression of in-
flammatory cytokines at the level of gene transcription and
partly by ameliorating the actions of these cytokines on cells
through down-regulation of the cellular signal mechanisms
(kinases, transcription factors: see following paragraphs) and
inhibition of inflammatory eicosanoid formation (mainly re-

duction of PGE2). The excessive production of PGE2 is a
characteristic of many tumors and is apparently a mechanism
to enhance tumor growth and development (69). Inhibition of
PGE2 formation by inhibition of the cyclooxygenase-2
(COX-2) enzyme with aspirin has been shown to reduce
colon cancer significantly (71). Reduced incidence of certain
cancers in populations consuming Mediterranean-type diets
with high 18:3n-3 and oleic acid but low 18:2n-6 contents
compared with the average European and North American
diets could be associated with lower PGE2 production in tis-
sues in response to an oxidative stress or/and an inflamma-
tory insult and a lower capacity to produce the cytokines re-
sponsible for such an insult. 

Our group has shown that the important constituents of
olive oil, namely, oleic acid and phenolics like hydroxyty-
rosol, tyrosol, caffeic acid, and apigenin (the latter is present
only as a minor component in olive oil but is a constituent of
other edible plant species in the diet) can significantly attenu-
ate the gene expression of eicosanoid-synthesizing enzymes
such as 5-lipoxygenase (5-LOX) and its co-enzyme 5-LOX-
activating protein by 20–25%. The most marked inhibition
was observed with apigenin followed by hydroxytyrosol and
oleic acid, with tyrosol and caffeic acid having little or no ef-
fect. The LOX enzyme system, which is responsible for the
production of pro-inflammatory LT formation from n-6 PUFA,
was affected to a greater extent than the COX system (COX-1
and -2), which produces the pro-inflammatory prostaglandins
from n-6 PUFA (72). However, the formation of PGE2 was
significantly decreased by hydroxytyrosol (and to a lesser ex-
tent by tyrosol and caffeic acid) in prostate cancer cells. This
suggests that the olive oil components may have an effect on
the gene expression of the LOX pathway and that the observed
phenolic effects on PGE2 reduction are most likely posttran-
scriptional effects. It also indicates the possibility that this
LOX pathway is more important for enhancing the develop-
ment and progression of tumors than hitherto thought. In-
creasing EPA (20:5n-3) availability in cells may alter the pro-
inflammatory eicosanoid profile derived from ARA (20:4n-6)
by decreasing PGE2 synthesis and increasing the formation
of three series PG and five series LT by substituting for ARA
in the enzyme reactions (73). Since the high oleic acid, rela-
tively high α-linolenic acid, and relatively lower linoleic acid
contents in Mediterranean diets favor an increased conversion
of 18:3n-3 to 20:5n-3 (and to a lesser extent 22:6n-3) and since
this diet also incorporates significant amounts of fish, it is pos-
sible, but not proven, that the lower cancer incidence in these
countries is related in part to reduced inflammation and
eicosanoid production in response to specific stimuli. This is
supported by epidemiological evidence of reduced incidence
of certain types of cancer (large bowel, breast, prostate) in
some populations with relatively high fish consumption (74).

Oxidative stress and an inability to counteract its conse-
quences were suggested to be a component in the etiology of
a number of cancers. Hydrogen peroxide and reactive oxygen
species (ROS) formed during metabolic processes in the cell
can result in damage to cellular components including lipids,
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proteins, and, most importantly, DNA (75). These actions of
ROS can result in lipid peroxide formation, cell dysfunction,
DNA damage, and cell death. DNA damage can result in mu-
tations and impairment of cell-cycle regulation, leading to the
uncontrolled cell proliferation that is a characteristic of tumor
growth (75). The relatively high intake of antioxidants in the
traditional Mediterranean diet would tend to attenuate oxida-
tive stress and reduce its deleterious cancer-promoting effects
(3,4).

Our group showed that DNA damage, induced by H2O2
treatment of prostate cells, was decreased by olive oil pheno-
lics and by increasing the amount of oleic acid presented to
cells. The most effective compound was hydroxytyrosol, fol-
lowed by caffeic acid, with tyrosol, as expected from its lower
antioxidant capabilities (20), being the least effective but still
affording protection at higher concentrations. The ameliora-
tion of DNA damage by these phenolics increased with their
increasing concentration, with beneficial effects observed in
physiological concentration ranges (10–50 µM) . However,
the greatest effect of each compound was observed at rela-
tively high and possibly nonphysiological concentrations
(>200 µM) (76). The only phenolic eliciting significant inhi-
bition of hydroperoxide formation in these cells, a biomarker
of ROS-induced lipid peroxidation, was hydroxytyrosol, and
the effect was not influenced by increasing its concentration.
Tyrosol, in contrast, elicited a slight but significant increase
in hydroperoxide production, whereas caffeic acid produced
a nonsignificant, small decrease in this marker of ROS dam-
age (76). The effects on hydroperoxide formation by the olive
oil phenolics were mirrored by their effects on the gene ex-
pression of the important intrinsic redox enzyme, cytosolic
glutathione peroxidase (cGPX1). The abundance of stable
mRNA of cGPX1 was significantly and markedly decreased
by hydroxytyrosol at all concentrations from 10 µM to non-
physiological 250 µM. Caffeic acid was less effective than hy-
droxytyrosol but still decreased expression significantly,
whereas tyrosol elicited an increase in expression. Similar but
less marked effects of these phenolics were observed on GPX4
mRNA expression. This enzyme is responsible for reducing
hydroperoxides formed by ROS action in cell membranes, par-
ticularly mitochondrial membranes (76). The attenuation of the
hydroperoxide formation and redox enzyme expression by phe-
nolics, particularly hydroxytyrosol, is a strong indication that
these extrinsic dietary compounds are functioning as antioxi-
dants and decreasing the requirement for the induction of the
intrinsic antioxidant enzymes. However, an induction of the ex-
pression of these cell antioxidant enzymes by dietary compo-
nents such as n-3 PUFA also has been suggested to play a ben-
eficial role in the prevention of cell dysfunction and disease
states so long as the inducing stimuli do not overwhelm the
cells’ capacity for up-regulating these enzymes. (77). It has also
been suggested that an individual’s inability to up-regulate
these intrinsic antioxidants, possibly due to polymorphisms
(SNPs) in gene expression, may explain individual susceptibil-
ities to cancer within populations, particularly if the intake of
dietary antioxidants is low (77). 

Although the efficacy of the Mediterranean diet in reduc-
ing incidence of cancer is not so marked as the reduction in
CVD, it is nevertheless significant and is strongly correlated
with the intake of olive oil on an epidemiological basis (2–4).
Whether these effects are entirely due to the overall lower ox-
idative potential of classical Mediterranean diets or to spe-
cific components such as the phenolics present in the oil or
antioxidants derived from other components of the diet is not
clear and warrants further research. Similarly, it is not clear
whether the hydroxytyrosol or tyrosol from olive oil is capa-
ble of augmenting the effects of specific FA in the diet as ob-
served for DHA and the polyphenolic flavonoid quercetin
(61). These aspects of olive oil are currently being investi-
gated in our laboratory.

IMMUNE FUNCTION AND RA

Animal studies have shown that dietary olive oil has a signif-
icant suppressive effect on lymph node lymphocyte prolifera-
tion ex vivo in response to the T-cell mitogen Concanavalin A
in comparison with diets rich in coconut oil or safflower oil or
diets low in total fat. The effect of the olive oil diets was found
to be similar to diets containing either fish oil or evening prim-
rose oil (78). To determine whether the effects of olive oil
feeding were due to components other than the high oleic acid
content of these oils, these authors investigated the effects of
diets containing high-oleic acid sunflower oil and compared
the findings with the diets just described. Feeding either olive
oil or high oleic acid sunflower oil significantly decreased lym-
phocyte proliferation by ca. 20% compared with the other diets
(79). This suggested that these specific effects of the olive oil
diets on lymphocyte proliferation were due largely to their con-
tent of oleic acid and not to the content of antioxidant phenolic
compounds. This suppression of lymphocyte proliferation does
not occur in middle-aged male volunteers consuming highly
refined olive oil (lacking the phenolic antioxidants) (80). These
contrasting effects may be explained by the fact that the rat
diets were extreme (30% energy) compared with human diets
(18% energy) or by species differences (81). Similar inhibitory
effects on natural killer (NK) cell activity were observed in rats
fed a high olive oil diet (20% by weight) or a diet high in oleic
acid (30% of total energy), again suggesting effects are due to
the oleic acid content of the diet (79). This was supported by
the findings of a significant linear relationship between oleic
acid content of a diet and NK cell activity (79). Again, the ef-
fects of oleic acid on immune function in healthy middle-aged
male volunteers contrasted with findings in rats, and no sig-
nificant effects on NK cell activity were evident after 1 mon
on the diet although slight suppression was observed after 2
mon on the diet (80).

Expression of various adhesion molecules in the blood
vascular system is up-regulated by immune-inflammatory
stimuli and is a significant component of the thromboathero-
genic process in animals and humans (82). In a dietary study
in animals, the expression of adhesion molecules [ICAM-1,
LFA-1 (lymphocytle function antigen-1) and CD2 (cluster of
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differentiation 2)] on rat spleen lymphocytes was decreased
by both olive oil and fish oil feeding (83). Similarly, after 2
mon on a high oleic acid diet, a significant reduction in
ICAM-1 was observed in middle-aged male volunteers (80).
No changes were found with the control diet, again suggest-
ing that oleic acid content of the diet has specific effects on
inflammatory responses. It is not clear whether the effects ob-
served with high oleic acid diets are due to changes in other
FA on a proportional basis. Increasing oleic acid will decrease
the relative proportion of other FA consumed. A decrease in
linoleic acid, as previously mentioned, could allow greater
conversion of α-linolenic acid to long-chain n-3 PUFA. This
might explain the similarities between olive oil or high-
MUFA diets and fish oil diets (already discussed). The other
possibility is that high-MUFA diets like the Mediterranean
diet are less likely to induce oxidative stress, which is the
stimulus for adhesion molecule up-regulation in the vascular
system. The n-3 PUFA are known to enhance the expression
and activity of intrinsic redox enzymes (GPX1 and GPX4)
significantly, and this enhancement could be pivotal in their
ability to reduce adhesion molecule expression since these en-
zymes are involved in the regulation of the nuclear factor κB
(NF-κB) oxidative stress-activation pathway (51,56).

High olive oil diets (ca. 20% by weight) also attenuated
the response of the immune system to endotoxins and the
anorexia induced by increased production of the inflamma-
tory cytokine tumor necrosis factor-α and the graft vs. host
responses in animals (83,84). Again, the results indicate a
similar effect of olive oil to that of fish oil in the diet. The ex-
pression of adhesion molecules in popliteal lymph nodes of
animals following graft vs. host responses was significantly
lower in animals fed olive oil or fish oil compared with low-fat
or coconut fat diets (83). It appeared that olive oil was able to
modulate in vivo responses involving B cells but not cytotoxic
T lymphocytes whereas fish oil could modulate both responses
(83).

Anti-inflammatory effects of olive oil consumption have
also been reported for RA. In a Greek population, consumers
of high amounts of olive oil (almost every day throughout
life) were four times less likely to develop RA than those sub-
jects who consumed the oil less than six times per month (85).
Interestingly, in the light of similar effects of fish oil and olive
oil in other studies, fish oil was without significant effect in
this study (85). This contrasts with some other studies that
showed a beneficial effect of dietary fish oil in reducing the
symptoms of RA. Kremer et al. (86) showed significant atten-
uating effects of both fish oil and olive oil on RA and the pro-
duction of the inflammatory cytokine IL-1, with the former
eliciting the greater benefit in reducing both IL-1β production
and the symptoms of RA. In conclusion, olive oil apparently
is able to attenuate the activity of certain immune cells in ani-
mals, albeit to a lesser extent than dietary fish oil. Some evi-
dence suggests that the effect of olive oil is primarily due to
its monounsaturated oleic acid content, but this requires veri-
fication. Studies with human volunteers do not show the same
attenuating effects of MUFA/olive oil on immune function

and could reflect the high content of these components in the
animal diets (ca. 20% by weight). The effect of high MUFA/
olive oil on adhesion molecule expression in the blood vascular
cells in both animals and humans could be an important effect of
these dietary components, as increased expression of these
molecules appears in a number of inflammatory diseases in-
cluding CVD, cancer, and RA. Clearly, a Mediterranean diet
with high oleic acid and relatively high content of a-linolenic as
well as the various antioxidant components in both olive oil and
other plant foods (mono- and polyphenolics) presents a low
potential for oxidation in the body. This could be an additional
factor in the benefits elicited by such a diet since the oxidative-
inflammatory processes are associated with the most common
diseases in industrialized societies. Adoption of a diet similar
to the traditional Mediterranean diet with its high intakes of
fruit, vegetables, whole-grain products and olive oil and low
intakes of refined carbohydrates and red meat would also reduce
the disease risk and enhance the life expectancy of northern
European populations.
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ABSTRACT: Olive oil, a major component of the Mediter-
ranean diet, has been associated in some small clinical trials and
cross-sectional studies with a reduction in blood pressure. The
objective of this study was to assess the association of olive oil
consumption with the incidence of hypertension in an epidemio-
logic cohort, the Seguimiento Universidad de Navarra (SUN)
study. The SUN Project is a prospective cohort study whose
members are all university graduates. The recruitment and fol-
low-up of participants is made using mailed questionnaires. Diet
was assessed using a semiquantitative food frequency question-
naire previously validated in Spain, with 136 items. Outcomes of
interest were newly diagnosed cases of hypertension, as reported
by participants in the follow-up questionnaires. Logistic regres-
sion models were fit to assess the risk of hypertension associated
with olive oil consumption. For the present analysis, we have
taken in consideration the first 6,863 participants, with at least 2
yr of follow-up. After a median follow-up time of 28.5 mon, the
cumulative incidence of hypertension was 4.7% in men and
1.7% in women. A lower risk of hypertension was observed
among participants with a higher olive oil consumption at base-
line, but the results were not statistically significant (P = 0.13 for
the linear trend test in the multivariate model). However, among
men, the adjusted odds ratios (OR) (95% confidence intervals) of
hypertension for the second to fifth quintiles of olive oil consump-
tion, compared with the first quintile, were 0.55 (0.28–1.10), 0.75
(0.39–1.43), 0.32 (0.15–0.70), and 0.46 (0.23–0.94), respectively
(P = 0.02 for linear trend). No association was found between
olive oil consumption and the risk of hypertension among women.
In conclusion, in a Mediterranean population, we found olive oil
consumption to be associated with a reduced risk of hypertension
only among men. The lack of association observed among
women might be attributed to the overall lower incidence of hyper-
tension found among females and the resulting lower statistical
power.

Paper no. L9573 in Lipids 39, 1233–1238 (December 2004).

The adherence to traditional Mediterranean dietary patterns
(MDP) has been associated in some studies with a reduced risk
of coronary heart disease (1,2). One plausible biological mech-
anism that may explain this benefit is the protective effect of
some components of traditional MDP against hypertension, a

major risk factor for cardiac disease. For example, high fruit
and vegetable consumption has been linked with a lower risk
of hypertension and reduced blood pressure (3,4).

Another characteristic of the typical MDP is the elevated
consumption of olive oil as the main source of added lipids.
There are, however, scarce data relating olive oil to blood pressure
or to the risk of hypertension. Some small studies conducted in
healthy volunteers and hypertensive patients suggest a beneficial
effect of olive oil on blood pressure (5–7). Additionally, a small
clinical trial has shown a reduced need for blood pressure low-
ering drugs in hypertensive subjects receiving extra-virgin olive
oil (8). Nevertheless, no large epidemiological studies con-
ducted in Mediterranean countries have assessed the association
between olive oil consumption and the risk of hypertension.

Using data from the Seguimiento Universidad de Navarra
(University of Navarra Follow-up, SUN) study, a prospective
cohort study in Spain, we tried to assess whether olive oil con-
sumption, independent of consumption of other foods, was as-
sociated with a lower risk of hypertension.

METHODS

The SUN Project. The SUN Project is a prospective cohort
study conducted in Spain. A detailed description of its methods
has been published elsewhere (9). The recruitment of partici-
pants began in 2000, and remains open (the study design corre-
sponds to a dynamic cohort). All members of the cohort are
university graduates, mainly former students of the University
of Navarra. Other participants have been recruited from the
Nurses Professional Association of Navarra and from an insur-
ance company (ACUNSA, Inc.). Recruitment and follow-up of
participants are done through biennial mailed questionnaires.
The study protocol has been approved by the Institutional Re-
view Board of the University of Navarra. For the present analysis,
we have taken into consideration the first 6,863 participants,
with at least two years of follow-up.

Dietary assessment. Diet was assessed in the baseline ques-
tionnaire using a semiquantitative food-frequency questionnaire,
previously validated in Spain (10). The questionnaire has 136
food items, and open-labeled questions for dietary supplement
intake and other food items not included in the questionnaire.
The questionnaire offered nine frequency categories of intake
for each food item (from 6+ per day to never or almost never).
In addition to particular questions regarding consumption of
olive oil consumption used in frying, as a spread, or to season
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salads, the type of fat used in frying was specifically assessed.
The biennial follow-up questionnaires also gathered information
about changes in the habitual consumption of main compo-
nents of the MDP, including olive oil. A dietitian updated the
nutrient data bank using the latest available information in-
cluded in the food composition tables for Spain (11).

Assessment of other covariates. The baseline questionnaire
collected information about sociodemographic variables (age,
sex, marital and occupational status), anthropometric measures
(height, weight), smoking, physical activity during leisure time,
sedentary lifestyle, and some clinical variables (medication use,
past history of coronary heart disease, cancer, and other diseases).

Outcome ascertainment. In the baseline questionnaire, partic-
ipants reported whether they had a history of medically diagnosed
hypertension and their usual systolic and diastolic blood pressure
(nine categories). In the follow-up questionnaire, individuals were
asked to report whether they had received a physician’s diagnosis
of hypertension in the time between both questionnaires. Validity
of self-reported hypertension has been shown to be appropriate in
other similar settings (12, 13). In a sample of 63 participants of
the SUN Study living in the metropolitan area of Pamplona, 31
reporting hypertension and 32 without a history of hypertension,
there was a fair correlation between self-reported and measured
systolic and diastolic blood pressure (Spearman’s rho = 0.62 and
0.65, respectively). The negative predictive value was 94%, and
the positive predictive value was 65%.

Statistical analysis. The main exposure of interest was olive
oil consumption, adjusted for total energy intake using the
residuals method (14) and taking total energy intake into ac-
count separately for women and men. Energy-adjusted olive
oil consumption was divided into five categories, using quin-
tiles as cutoff points. The main outcome variable was a new
physician-made diagnosis of hypertension. This was defined as
a self-reported physician-made diagnosis of hypertension in the
follow-up questionnaire, with no report of a diagnosis of hy-
pertension in the baseline questionnaire.

The cumulative incidence of hypertension was computed for
each quintile of olive oil consumption. To avoid the confound-
ing effect of other variables simultaneously associated with the
outcome and the main exposure, we used nonconditional logistic
regression modeling. The main known risk factors for hyperten-
sion were included in the final model. These potential con-
founders were age, gender, body mass index, physical activity dur-
ing leisure time (metabolic equivalents [METS-h/week]), total
energy intake, alcohol consumption, sodium intake, and calcium
intake. In addition, models for each sex were run separately.

Tests for a linear trend in the relationship between olive oil
consumption and risk of hypertension were obtained by assign-
ing the median value for each quintile of olive oil consumption
and modeling this variable as continuous in the logistic model.

RESULTS

The rate of follow-up for the first 7,650 participants in the co-
hort is 90%. The median follow-up time was 28.5 months.

From the 6,863 respondents with data at baseline and at the first
follow-up questionnaire, 658 were excluded due to prevalent
hypertension at baseline and 632 because of extremely low or
high caloric intakes (<400 kcal/day for women, <600 kcal/day
for men, >3500 kcal/day for women, >4200 kcal/day for men).
Finally, 5,573 participants were available for analysis, 3,384
women and 2,189 men. During the follow-up time, 161 incident
cases of hypertension were identified among them (cumulative
incidence 2.9%). The incidence was much lower in women than
in men (1.7 vs. 4.7%). The characteristics of participants ac-
cording to their quintiles of olive oil consumption are presented
in Table 1, separately for men and women. Age and alcohol con-
sumption were positively correlated with olive oil consumption,
whereas sodium intake was inversely associated with it.

Odds ratios (OR) for incident hypertension in the whole
sample are shown in Table 2. When we considered men and
women together, in the age- and sex-adjusted analysis, olive
oil was not associated with the incidence of hypertension.
However, in the multivariate analysis, taking into considera-
tion some known risk factors for hypertension, the fourth quin-
tile of olive oil consumption was associated with a significantly
decreased risk of hypertension, compared with the quintile with
the lowest consumption.

Interestingly, after stratifying by sex, a clear inverse rela-
tionship between olive oil consumption and the risk of hyper-
tension was apparent among male participants (Table 3). Men
with the highest olive oil consumption, i.e., those in the fifth
quintile, had a significantly lower risk of hypertension compared
with those in the first quintile, as shown by the OR of 0.46 (95%
confidence interval 0.23–0.94). Also, there was a significant lin-
ear trend for the association between olive oil consumption and
the risk of hypertension (P = 0.02), suggesting a dose-response
relationship between olive oil consumption and incidence of hy-
pertension among men. In women, olive oil consumption was
not associated with a change in the risk of hypertension. Fur-
ther adjustment for fruit and vegetable consumption did not
materially change the point estimates for the OR, and the linear
trend continued to be statistically significant (P = 0.03).

DISCUSSION

In this prospective study, conducted in a Mediterranean popula-
tion, those men with a higher olive oil consumption at baseline
had a lower risk of developing hypertension, independently of
other risk factors for this disorder. This relationship was not ap-
parent among women. The lack of association observed among
women could be attributed to the lower incidence of hyperten-
sion among females and consequently to lower statistical power.
In fact, only 59 cases of incident hypertension were observed
among women, thus hindering the ability to ascertain with confi-
dence any association of weak magnitude.

To our knowledge, this is the first large epidemiological
study showing an inverse association between olive oil con-
sumption and the risk of hypertension. Some previous studies
conducted in Mediterranean countries have shown a protective
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effect of olive oil in relation to the development of nonfatal my-
ocardial infarction (15) or coronary death (1,16). A possible
explanation for this favorable effect in studies of coronary heart
disease is the beneficial effect of olive oil on blood pressure. In
some small studies and clinical trials, olive oil has been shown
to have a lowering effect on blood pressure. For example, in a
crossover clinical trial conducted on 16 hypertensive women,
olive oil but not a high-oleic sunflower oil, was associated with
a significant reduction in systolic and diastolic blood pressure
(7). In another study, a diet enriched with olive oil, followed

during a period of 5 wk, was associated with a reduced mean
blood pressure in 42 individuals (18 women and 24 men) (6).
More interestingly, in a double-blind, randomized cross-over
clinical trial conducted on 23 hypertensive patients, a diet rich
in monounsaturated FA (MUFA) from extra-virgin olive oil
was associated with lower systolic and diastolic blood pressure,
and also with a reduced need for antihypertensive medication
when compared with a diet rich in PUFA (8). The authors of
the study suggested that the beneficial effect of olive oil on
blood pressure was not only associated with its MUFA content,

OLIVE OIL AND INCIDENCE OF HYPERTENSION 1235

Lipids, Vol. 39, no. 12 (2004)

TABLE 1
Distribution of Selected Variables Across Quintiles of Energy-Adjusted Olive Oil Consumptiona

Quintiles of energy-adjusted olive oil consumption

Q1 Q5 P for
Women (lowest) Q2 Q3 Q4 (highest) trend

N 676 677 677 677 677
Energy-adjusted olive oil consumption (g/d) (median) 5.3 11.2 16.8 25.1 36.2
Age (yr) (mean) 34.5 36.2 37.3 36.8 38.5 <0.001
Total energy intake (kcal/d) 2594.3 2204.0 2090.4 2446.0 2313.1 0.18
BMI (mean) 21.5 21.8 21.8 21.9 22.0 <0.001
Physical activity during leisure time in METs-h/wk (mean) 14.6 15.9 15.9 17.1 15.1 0.27
Alcohol consumption (g/d) (mean) 3.6 3.4 4.1 3.8 4.0 0.04
Sodium consumption (g/d) (mean) 4.1 3.1 2.8 3.1 2.8 <0.001
Calcium consumption (g/d) (mean) 1.4 1.2 1.2 1.4 1.2 0.009
Fruit consumption (g/d) (mean) 391.9 397.0 383.5 387.8 355.8 0.04
Vegetable consumption (g/d) (mean) 512.6 585.8 594.8 623.0 602.3 <0.001
Dietary fiber consumption (g/d) (mean) 33.7 28.0 27.0 31.3 30.8 <0.001

Quintiles of energy-adjusted olive oil consumption

Q1 Q5 P for
Men (lowest) Q2 Q3 Q4 (highest) trend

N 437 438 438 438 438
Energy-adjusted olive oil consumption (g/d) (median) 4.0 9.0 13.3 19.1 32.4
Age (yr) (mean) 39.6 42.0 43.7 43.0 44.4 <0.001
Total energy intake (kcal/d) 2858.2 2516.0 2227.3 2407.9 2631.2 <0.001
BMI (mean) 24.6 25.0 25.3 25.3 25.3 <0.001
Physical activity during leisure time in MET-h/wk (mean) 23.8 23.8 22.5 22.5 24.4 0.83
Alcohol consumption (g/d) (mean) 8.7 9.7 9.1 10.1 10.8 0.03
Sodium consumption (g/d) (mean) 4.9 4.0 3.5 3.7 3.4 <0.001
Calcium consumption (g/d) (mean) 1.4 1.2 1.1 1.1 1.2 <0.001
Fruit consumption (g/d) (mean) 296.3 309.2 294.9 299.7 302.8 0.93
Vegetable consumption (g/d) (mean) 388.7 442.4 470.7 490.4 543.8 <0.001
Dietary fiber consumption (g/d) (mean) 29.0 25.9 23.2 25.8 29.7 0.45
aBMI, body mass index; MET, metabolic equivalent. 

TABLE 2
Odds Ratios (OR) and 95% Confidence Intervals (CI) of Self-Reported Incident Hypertension According to Quintiles of Olive Oil
Consumption in the SUN Study

Quintiles of energy-adjusted olive oil consumption

Q1 Q2 Q3 Q4 Q5 P for trend

Participants (N) 1113 1115 1115 1115 1115
Median olive oil consumption (g/d) 4.8 10.2 15.0 23.5 34.6
New cases of hypertension, N (%) 32 (2.9) 26 (2.3) 41 (3.7) 30 (2.7) 32 (2.9)
Age- and sex-adjusted OR (95% CI) 1 (ref.) 0.69 (0.40–1.17) 1.01 (0.62–1.64) 0.77 (0.46–1.29) 0.75 (0.45–1.25) 0.39
Multivariate OR (95% CI)a 1 (ref.) 0.61 (0.35–1.07) 0.83 (0.49–1.41) 0.55 (0.31–0.98) 0.63 (0.36–1.07) 0.13
aNon-conditional logistic regression model adjusted for age (in years), sex, BMI (defined as weight in kilograms divided by the square of height in meters),
energy intake, alcohol consumption (in g/d), sodium intake (in mg/d), calcium intake (in g/d), and physical activity during leisure time (in METs-h/wk). SUN,
Seguimiento Universidad de Navarra; for other abbreviations see Table 1.



but also with the high content of antioxidant polyphenols. In
this same study, patients supplemented with sunflower oil did
not experience a beneficial effect.

The mechanisms behind the protective role of olive oil for
hypertension are not clear. MUFA intake could be associated
with an increased sensitivity to insulin, producing a reduction
in blood pressure (17). However, some authors suggest that
other components of olive oil, such as the polyphenols men-
tioned, could be associated with lower blood pressure and a re-
duced risk of hypertension. In fact, some studies have shown a
reduction of blood pressure following supplementation with
antioxidants (18), although there are some inconsistencies on
this issue (19). Another explanation for the beneficial effect of
olive oil on blood pressure is its greater resistance to denatura-
tion during the process of frying, with a lower production of
polar compounds. In a cross-sectional study conducted in
southern Spain on 538 persons, the amount of polar compounds
in cooking oil was associated with hypertension, and a lower
concentration of polar compounds was found in olive oil used
for frying when compared with sunflower oil from the same
source. In that study, individuals using olive oil for frying had
a higher concentration of MUFA in plasma phospholipids, and
this variable was inversely associated with the prevalence of
hypertension (20). Another possible explanation of olive oil’s
antihypertensive effect involves molecules closely related to
the main FA contained in olive oil. A strong blood pressure-re-
ducing effect has recently been observed for 2-hydroxy-oleic
acid in an experimental model (21).

Our study has important strengths. Its prospective design
avoids the reverse-causation bias. Also, the follow-up rate is
high. Additionally, all participants are university graduates, al-
lowing a better understanding of the food-frequency question-
naire and increasing the internal validity of our findings. Diet
has been assessed with a comprehensive tool, previously vali-
dated and used in similar settings.

There are some limitations in this analysis. Statistically sig-
nificant results, using the traditional cutoff point of P < 0.05,
were found only after several analyses (whole sample, women,
and men), increasing the possibility of a false positive result
due to multiple comparisons.

Another potential limitation is the possible lower validity of
the self-reported outcome. Although the validity of self-reported
hypertension in the studied population is fair, the misclassifica-
tion in the outcome could hide the studied associations. In fact,
the correlation between self-reported and measured blood pres-
sure was not very high. Similarly, the positive predictive value
was only moderately good, due to false positive cases (i.e., those
reporting hypertension but showing normal levels of blood pres-
sure and not taking antihypertensive medication). The most
likely explanation for these false positives is that the approach
we used for the comparison (two measurements of blood pres-
sure in the same day) is probably not good enough for a true
“gold standard.” Thus, our false positives are very likely those
participants previously diagnosed with hypertension who had
since undergone lifestyle changes that restored their blood pres-
sure values to within normal limits. Interestingly, self-reported
hypertension has been shown to result in enough accuracy in
other epidemiological studies (12,13,22,23). We can assume that
the same, if not better, validity can be applied to our population,
given the higher educational level of our participants. Neverthe-
less, it could be probable that some degree of misclassification was
associated with the exposure of interest, introducing an information
bias. If olive oil consumption were associated with a lower aware-
ness of hypertension, the observed beneficial relationship would be
spurious. However, it has been previously reported that individuals
in the SUN study following a Mediterranean diet, and therefore
having higher olive oil consumption, had an overall healthier
lifestyle and were more health-conscious (24). This fact suggests
that the bias would go, in any case, in the opposite direction; that
is, those with higher olive oil consumption would be more
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TABLE 3
OR and 95% CI of Self-Reported Incident Hypertension According to Quintiles of Olive Oil Consumption in the SUN Study

Quintiles of energy-adjusted olive oil consumption

Women Q1 Q2 Q3 Q4 Q5 P for trend

Participants (N) 676 677 677 677 677
Median olive oil consumption (g/d) 5.3 11.2 16.8 25.1 36.2
New cases of hypertension, N (%) 9 (1.3) 8 (1.2) 12 (1.8) 15 (2.2) 15 (2.2)
Age-adjusted OR (95% CI) 1 (ref.) 0.78 (0.30–2.06) 1.04 (0.43–2.51) 1.45 (0.62–3.35) 1.26 (0.54–2.93) 0.27
Multivariate OR (95% CI)a 1 (ref.) 0.74 (0.27–2.02) 0.97 (0.38–2.45) 1.14 (0.47–2.78) 0.97 (0.40–2.36) 0.74

Quintiles of energy-adjusted olive oil consumption

Men Q1 Q2 Q3 Q4 Q5 P for trend

Participants (N) 437 438 438 438 438
Median olive oil consumption (g/d) 4.0 9.0 13.3 19.1 32.4
New cases of hypertension, N (%) 23 (5.3) 18 (4.1) 29 (6.6) 15 (3.4) 17 (3.9)
Age-adjusted OR (95% CI) 1 (ref.) 0.65 (0.34–1.23) 1.00 (0.56–1.78) 0.52 (0.26–1.01) 0.55 (0.28–1.05) 0.05
Multivariate OR (95% CI)a 1 (ref.) 0.55 (0.28–1.10) 0.75 (0.39–1.43) 0.32 (0.15–0.70) 0.46 (0.23–0.94) 0.02
aNonconditional logistic regression model adjusted for age (in years), BMI (defined as weight in kilograms divided by square of height in meters), energy in-
take, alcohol consumption (in g/d), sodium intake (in mg/d), calcium intake (in g/d), and physical activity during leisure time (in MET-h/wk). For abbrevia-
tions see Tables 1 and 2.



aware of hypertension; thus the incidence of hypertension
would be higher among them. This is contrary to our findings.

Finally, another potential problem is that dietary fat has a
relatively quick turnover, and membranes and other cellular
constituents might easily be affected after only a few weeks of
feeding a diet different in FA composition (25). A short-term
reduction in olive oil consumption is most likely to occur
among people with a high baseline consumption of olive oil,
because of regression to the mean. But that was not the case in
our database, because a decrease in olive oil consumption was
more likely (2.4%) among participants in the first quintile of
baseline consumption than among those in the fourth and fifth
quintiles (1.0 and 1.5%, respectively).

In conclusion, olive oil consumption seems to be associated
with the incidence of hypertension among the highly educated
males of our cohort, but we did not observe this association
among women. With a longer follow-up period, it will be pos-
sible to confirm and strengthen the findings of this analysis.
Olive oil appears to be a healthy food and a preferable substitute
for other fats used for cooking.
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ABSTRACT: Oxidative modification of low density lipoprotein
(LDL) is involved in the pathogenesis of atherosclerosis and coro-
nary heart disease, which are low in the Mediterranean area possibly
due to a high dietary proportion of plant foods. Ethanolic extracts
were prepared from more than 120 Mediterranean edible plants col-
lected in remote areas (which maintain their traditional diet) and
their antioxidant potential was studied. Extracts derived from Agari-
cus campestris, Cynara cardunculus, Thymus pulegioides, and
Vicia faba were subjected to further analysis in this study. The
extracts’ potential to scavenge the DPPH radical (2,2-diphenyl-1-
picrylhydrazyl radical) and hypochlorous acid (HOCl), as well as
their antioxidant capacity, was comparable to the those obtained
for standard antioxidants (e.g., quercetin, Trolox). Myeloperoxidase
(MPO) catalyzes the production of the highly chlorinating and oxi-
dizing agent HOCl, which reacts with the LDL apoprotein moiety,
leading to the derivatization of its aminoacidic residues. Coincuba-
tion with extracts significantly prevented HOCl-induced modifica-
tion of the LDL residue tryptophan, whereas higher concentrations
were required to retard lysine damage. Moreover, the extracts inhib-
ited MPO-catalyzed guaiacol oxidation in a concentration-
dependent manner in a cell-free assay but, in contrast, did not affect
MPO activity in isolated human neutrophils. MPO is also known to
facilitate nitric dioxide oxidation. The formation of 3-nitrotyrosine
was significantly lower in bovine endothelial aortic cells incubated
with C. cardunculus or T. pulegioides. In synthesis, our study shows
that local Mediterranean plant foods prevent HOCl toxicity in vitro
and, thus, suggests further mechanisms responsible for the reported
health-beneficial effect of the Mediterranean diet.

Paper no. L9584 in Lipids 39, 1239–1247 (December 2004). 

Oxidative modification of low density lipoprotein (LDL) plays
a role in atherogenesis and, consequently, in coronary heart dis-
ease (CHD) mortality (1). Reactive oxygen and nitrogen species
(ROS and RNS) have been hypothesized to be the main cause

of LDL oxidation. Accordingly, a series of clinical trials have
been undertaken to evaluate the effects of vitamin E, a lipid-
soluble antioxidant, on CHD mortality. However, the majority
of such trials failed to demonstrate any protective effect of vit-
amin E supplementation, in part questioning the true contribu-
tion of lipid peroxidation to the formation of atherosclerotic
plaques (2,3). The enzyme myeloperoxidase (MPO; EC
1.11.1.7) catalyzes the formation of the chlorinating and oxi-
dizing agent hypochlorous acid (HOCl) from hydrogen perox-
ide and chloride ions (4). This enzyme is activated, mostly in
leukocytes, by inflammatory stimuli, which are known to
strongly contribute to atherogenesis (5). Unlike “classic” reac-
tions of lipid peroxidation, for example, those that are metal-
dependent, HOCl reacts directly with the apoprotein moiety,
derivatizing its aminoacidic residues (6). In addition, HOCl
avidly reacts with other macromolecules such as thiols and nu-
cleotides, enhancing tissue damage during inflammation,
when HOCl concentrations can reach the high micromolar to
low millimolar range (7). As vitamin E is unable to prevent
HOCl-mediated lipoprotein modification (8), other antioxi-
dants such as vitamin C and polyphenols are to be tested for
their potential antiatherosclerotic effects, especially if MPO
and HOCl are involved in atherogenesis and endothelial dys-
function, as indeed suggested by many investigators (9,10).

The incidence of atherosclerosis and CHD is low in the
Mediterranean area, where plant foods contribute the majority
of caloric intake (11). Vegetables, fruits, legumes, wine, and
extra virgin olive oil, in particular, provide antioxidants both
vitaminic and nonvitaminic in nature, which have been pro-
posed to exert antiatherosclerotic and cardioprotective effects
(12).

Within the EU-funded project “Local Food-Nutraceuticals”
(www.biozentrum.uni-frankfurt.de/Pharmakologie/EU-
Web/index.html) (13), local wild plant foods of the Mediter-
ranean basin, namely Southern Spain and Southern Italy, were
selected and tested for their in vitro ability to scavenge HOCl
and, consequently, their potential protective role toward CHD
and other degenerative and inflammatory diseases. Table 1
summarizes some of the characteristics of the plants used in
this study.
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MATERIALS AND METHODS

Materials. Bovine aortic endothelial cells (BAEC) were pur-
chased from Cambrex (Milan, Italy). The reagents for Western
blot analysis were from Bio-Rad Laboratories (Hercules, CA)
and the enhanced chemiluminescence (ECL) kit for Western
blot analysis was from Amersham Biosciences (Milan, Italy).
Mouse monoclonal anti-3-nitrotyrosine antibody was pur-
chased from Calbiochem (Darmstadt, Germany); the secondary
goat anti-mouse horseradish peroxidase-conjugate antibody
was obtained from Bio-Rad (Hercules, CA); and the secondary
fluorescent antibody, Alexa 594-conjugated goat anti-mouse
antibody, was purchased from Molecular Probes (Eugene, OR).
A dialysis membrane (20 × 32 mm) was purchased from
MAGV (Rabenau-Londorf, Germany). Myeloperoxidase was
obtained from Calbiochem (Darmstadt, Germany), Sephadex
G-25 from Amersham Biosciences (Uppsala, Sweden), and he-
moglobin from ICN (Eschwege, Germany). All other reagents
were of the highest purity available and were purchased from
Sigma Chemical (Milan, Italy, and Munich, Germany) or
Merck (Darmstadt, Germany).

Plant samples were collected in Southern Italy (Castelmez-
zano) and Southern Spain (Rio Segura Valley, Murcia). Sam-
ples provided by the groups of Drs. Diego Rivera (Universidad
de Murcia, Spain) and Michael Heinrich (The School of Phar-
macy, University of London, UK) were dried and extracted with
90% hot ethanol under reflux. The extraction and characteriza-
tion procedure will be fully reported elsewhere by those groups.
The total polyphenolic content of the extracts was determined
by the Folin-Ciocalteau method, using gallic acid as the refer-
ence compound (14).

DPPH scavenging test. A 15 µM  ethanolic solution of 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH) was added to the
compounds under investigation. After 15 min of incubation,
the absorbance was read at 517 nm. EC50 was calculated by
employing MacAllfit® as the software (15).

Total antioxidant potential. A validated assay (Bioxytech®

AOP-490™; OXIS Research, Portland, OR) based upon the re-
duction of Cu2+ to Cu+ by antioxidants was employed (16,17).
The results are shown as micromoles of Cu2+ reduced.

Oxyhemoglobin bleaching assay. Hemoglobin was reduced
and oxygen-loaded according to manufacturer’s instructions,
with slight modifications. Briefly, a Sephadex G-25 column
was equilibrated with phosphate buffer saline (PBS; 20 mM;
pH 7.0) containing EDTA (1 mM). Sodium dithionite (200 mg)
was added to the column and drained into the gel by adding 2

mL of PBS. After dissolving 100 mg of hemoglobin in 10 mL
of PBS, the hemoglobin solution was applied to the column and
eluted. The reduced hemoglobin was saturated with oxygen
and dialyzed against oxygen-saturated PBS without EDTA to
eliminate excess dithionite and to achieve complete conversion
to oxyhemoglobin. Oxyhemoglobin (OxyHb) was stored at
–20°C. Concentration of HOCl was determined at 292 nm,
using a molar extinction coefficient of 142 (18).

Samples and OxyHb (10 µL) were added to 24- or 96-well
plates and the bleaching reaction was started by adding a bolus
of HOCl (400 µM). Change in absorbance was recorded at 405
nm by using a Wallac Victor2 1420 Multilabel Counter (Perkin-
Elmer, Rodgau-Jügesheim, Germany).

Isolation of LDL. Peripheral blood was drawn in evacuated
tubes from healthy volunteers and LDL was isolated from
plasma by sequential ultracentrifugation.

Total protein was estimated by the Lowry method (19), with
bovine serum albumin as the standard. For all experiments, LDL
was diluted to a concentration of 0.5 mg of protein/mL in PBS
10 mM.

Quantification of HOCl-mediated amino acid modifications.
Freshly isolated LDL diluted in PBS (0.5 mg/mL; pH: 7.4) was
incubated with or without the compounds under investigation
at 37°C and exposed to 100 µM HOCl.

Tryptophan residues were evaluated directly by fluorescence
(Ex 280 nm; Em 335 nm). Lysine residues were also determined
by fluorescence (Ex 390 nm; Em 475 nm) after the addition of
163 µM fluorescamine (20).

Changes in relative electrophoretic mobility (REM) of LDL
were determined by agarose-gel electrophoresis. LDL (100 µg)
were loaded onto the gel, which was resolved at 50 V for 1.5 h.
The bands were stained with Sudan Black.

Inhibition of MPO-catalyzed guaiacol oxidation. Lyophilized
human MPO was reconstituted according to manufacturer’s rec-
ommendation and aliquots were stored at –20°C. Compounds,
guaiacol (5 mM in 20 mM phosphate buffer, pH 7.0), and MPO
(0.2 µg/mL) were added to 24- or 96-well plates, and the reac-
tion was initiated by addition of H2O2 (200 µM). Absorbance
was read over time at 485 nm using a Wallac Victor2 1420 Mul-
tilabel Counter (PerkinElmer, Germany).

MPO activity in human neutrophils. Human polymorphonu-
clear leukocytes (PMNL) were obtained from blood drawn
from healthy donors using evacuated tubes with ACD (41 mM
citric acid • H2O, 100 mM sodium citrate • 2H2O, 136 mM
glucose) as the anticoagulant. PMNL were separated by centrifu-
gation on Ficoll cushions (density 1.077 g/mL), as described
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TABLE 1
Parts of the Local Mediterranean Plant Foods Used in this Study and Polyphenol Content
of Plant Extracts

Plant name Abbreviation Parts used for extraction Polyphenol content (mg/g)

Agaricus campestris Agaricus c. Sporocarp 10.2
Cynara cardunculus Cynara c. Leaves 448.8
Thymus pulegioides Thymus p. Aerial parts 435.1
Vicia faba Vicia f. Young fruits 76.3

 



by Sala et al. (21). This preparation contains more than 95%
PMNL, based on the differential count of May-Grunwald/
Giemsa-stained cytocentrifugates.

Aliquots of 2 × 106 cells, resuspended in 1 mL of PBS, were
incubated with the individual compounds for 30 min. Cells
were pelleted by centrifugation, resuspended in 700 µL of PBS
with 0.5% hexadecyltrimethyl ammonium bromide, and soni-
cated on ice for 15 s. Following a further centrifugation to re-
move cellular debris, MPO activity was measured according to
Kuebler et al. (22).

Western blot analysis. Confluent bovine aortic endothelial
cells (BAEC; passage 4–8) grown in 22-mm wells were incu-
bated with the compounds under investigation for 1 h. Following
removal of the compounds, BAEC were incubated with hydro-
gen peroxide (50 µM) for 1 h. The reactions were stopped with
cool PBS, cells were trypsinized until completely detached and
centrifuged at 4°C for 18 min at 13,000 rpm. Pellets were resus-
pended in lysis buffer containing protease inhibitors, and super-
natants were recovered and processed for Western blot analysis
of 3-nitrotyrosine.

Total protein was estimated by using the Lowry method,
with bovine serum albumin as a standard. Based on this, 100 µg
of protein was dissolved in sodium dodecyl sulfate (SDS)-sam-
ple buffer (62.5 mM Tris-HCl, pH 6.8, containing 5% 2-mer-
captoethanol, 2% SDS, 10% glycerol, and 0.01% bromophenol
blue), separated by SDS-polyacrylamide gel electrophesis, and
transferred onto a nitrocellulose membrane, which was blocked
overnight with 5% dry milk in 100 mM Tris-buffered saline
containing 0.1% Tween 20. The membrane was incubated with
anti-nitrotyrosine antibody (1:1000) for 3 h at room tempera-
ture. Horseradish peroxidase-conjugated anti-mouse IgG
(1:2500) was added for 1 h, followed by detection of the bands
by enhanced chemiluminescence. Images were captured on a
Nikon Eclipse TE2000-5 microscope equipped with Laser
Scanning System Radiance 2100.

Immunocytochemistry. After incubation with the compounds
under investigation and stimulation with hydrogen peroxide (50
µM; 1 h), confluent BAEC were washed twice with 0.01 M PBS
at 37°C. Cell monolayers were fixed in 4% paraformaldehyde
and then were permeabilized using 0.1% Triton X-100 in PBS
and blocked for 2 h in 10% goat serum in PBS. The cells were
incubated with primary antibody monoclonal mouse anti-nitro-
tyrosine (1:200) for 2 h at room temperature in 10% goat serum
in PBS. Alexa 594-conjugated goat-anti mouse was used as a
secondary antibody (1:100) for 45 min at room temperature.
Images were acquired on a Nikon Eclipse TE2000-5 microscope
equipped with the Laser Scanning System Radiance 2100. 

Statistics. Results are expressed as means ± SD. Statistical
analyses were performed on a personal computer by using Sta-
tistica® software (StatSoft Inc., Tulsa, OK). Data were compared
by using one-way analysis of variance for repeated measures.
Differences were considered significant if P < 0.05.

RESULTS

DPPH scavenging. The DPPH test showed that the local

Mediterranean plant food extracts scavenge this stable radical
with a potency similar to that of established antioxidants such
as ascorbic acid and hydroxytyrosol, that is, EC50 values were
in the range of 10–6 to 10–7 M. Moreover, their DPPH-scaveng-
ing activity was, by at least two orders of magnitude, higher
than that of butylated hydroxytoluene (BHT) (Table 2).

Total antioxidant capacity. The total antioxidant capacity of
the extracts, evaluated as their ability to reduce Cu++ to Cu+, is
summarized in Table 3. The extracts exhibited antioxidant ca-
pacities that were similar to those of reference antioxidants, for
example, vitamin C and quercetin.

Oxyhemoglobin bleaching. Figure 1 shows the HOCl scav-
enging activity of the extracts. At an extract concentration of
10–5 M, between 25 and 50% of HOCl is scavenged. The an-
tioxidant potency declines in the order Vicia f. > Thymus p. >
Cynara c. > Agaricus c. and the observed activities are in the
same range as those obtained with the reference antioxidant
Trolox. HOCl scavenging activity for quercetin at a concentra-
tion of up to 2 × 10–7 M was below 10% (data not shown).
Higher concentrations interfered with the assay due to the pre-
cipitation of quercetin.

Amino acid modifications. Aminoacidic residues of
apolipoprotein B (apoB) are susceptible to oxidation by HOCl,
which leads to their uncontrolled uptake by macrophages. As
shown in Figure 2, addition of HOCl to LDL samples caused
the modification of apoB, in particular a loss of tryptophan
(panel A) and lysine (panel B). Coincubation with local
Mediterranean plant food extracts strongly protected LDL
against the loss of tryptophan residues and partly—at higher
concentrations—protected against the loss of lysine. These data
compare with those of Carr et al. (23), who also reported dif-
ferential aminoacidic protection by ascorbic acid.

Prevention of the HOCl-induced increase in REM (Fig. 3)
was noted for Cynara c., Agaricus c., and resveratrol at 10–5

M, whereas Cynara c., Thymus p., lipoic acid, and resveratrol
were effective at the concentration of 10–6 M.

Inhibition of guaiacol oxidation. The extracts inhibited gua-
iacol oxidation in a concentration-dependent manner (Fig. 4). In
accordance with the data obtained in the DPPH assay, extract ac-
tivity declines in the order Thymus p. (EC50 = 9.66 × 10–7 M) >
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TABLE 2
DPPH Scavenging Activity of Local Mediterranean Plant Food Extracts
and Standard Antioxidantsa

Compound EC50

Agaricus c. 6.50 × 10−6 M
Cynara c. 8.40 × 10–7 M
Thymus p. 3.20 × 10−7 M
Vicia f. 1.30 × 10–6 M
Ascorbic acid 1.31 × 10−5 M
Trolox 5.04 × 10−6 M
BHT 1.05 × 10−4 M
Hydroxytyrosol 2.60 × 10−7 M
Oleuropein 3.63 × 10−5 M
aData for the local Mediterranean plant food extracts are expressed as moles
of gallic acid equivalents. DPPH, 2,2-diphenyl-1-picryl-hydrazyl radical.



Cynara c. (EC50 = 1.30 × 10–6 M) > Vicia f. (EC50 = 1.98 × 10–6

M) > Agaricus c. (EC50 = 2.73 × 10–6 M). The values for a 50%
inhibition are of the same order of magnitude as those obtained
for the standard antioxidant Trolox (1.20 × 10–6 M); quercetin,
however, was the most potent agent (6.9 × 10–8 M) that pre-
vented the MPO-catalyzed oxidation of guaiacol.

MPO activity in neutrophils. When the activity of MPO was
assessed in neutrophils (Fig. 5), no inhibitory effect of the ex-
tracts was noted, as opposed to reference antioxidants such as
quercetin, Trolox, and highly concentrated ascorbic acid (500
µM).

3-Nitrotyrosine formation. As activation of MPO has the po-
tential to increase NO2

– oxidation (24), 3-nitrotyrosine forma-
tion and its inhibition by selected extracts were investigated by
Western blot analysis and by immunocytochemistry. As shown
in Figure 6A, a significant reduction in 3-nitrotyrosine levels
was detected in sonicates of cells that have been incubated with

the extracts under investigation and stimulated with hydrogen
peroxide. Accordingly, BAEC immunostaining for 3-nitrotyro-
sine was remarkably lower in cell supplemented with Cynara
c. or Thymus p. extracts (Fig. 6B).

DISCUSSION

We describe the preventive activities of selected local Mediter-
ranean plant food extracts toward HOCl-mediated oxidation of
LDL constituents. Even though the exact mechanisms for in
vivo LDL oxidation are still elusive, a number of different cell
types, for example, neutrophils, macrophages, monocytes, and
endothelial cells, participate in this process and have the poten-
tial to release HOCl, especially during inflammatory episodes.
Downstream, chlorine-modified LDL act as chemoattractants
for blood cells and not only stimulate their adhesion to the en-
dothelium but also trigger the formation of foam cells. Both
events take place at the early stages of atherosclerosis (25)

Pathogens and inflammation stimulate neutrophils and macro-
phages to produce HOCl catalyzed by MPO, as follows (26):

H2O2 + Cl– + H+ → HOCl + H2O [1]

Either an amplified activity of MPO or an overproduction of
HOCl are highly cytotoxic, as they modify a wide variety of
biological compounds by reacting with oxidizable groups.
MPO and HOCl have been reported to not only modify LDL
but also to hamper the physiological function of apoE, mem-
brane cholesterol, high density lipoprotein, and the extracellular
matrix (27–30). Moreover, oxidized LDL activate immune
cells and contribute to the secretion of ROS, MPO, and HOCl
into the extracellular medium, thus further exacerbating oxida-
tive modification of LDL (25).

Antioxidants such as ascorbic acid and polyphenols effec-
tively remove ROS by a direct scavenging process (31) or
through the modulation of other defense mechanisms such as
interactions with the antioxidant response element (32). Both
vitamins and high amounts of other antioxidants, most of
which are phenolic in nature, are found in foods of plant origin
(33). This has been proposed as a potential explanation of the
epidemiological data that show cardioprotective effects of the
Mediterranean diet, which is characterized by a high intake of
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TABLE 3
Antioxidant Capacity (µM Cu2+ Reduced)a

Compound 10−7 M 10−6 M 5 × 10−6 M 10−5 M 5 × 10−5 M

Agaricus c. 119.36 ± 19.4 133.55 ± 1.3 192.28 ± 4.8 265.2 ± 2.2 231.68 ± 2.3
Cynara c. 109.76 ± 4.8 219.94 ± 5.3 283.13 ± 1.2 207.05 ± 8.4 217.37 ± 6.7
Thymus p. 248.31 ± 2.3 288.28 ± 7.5 267.65 ± 9.9 250.89 ± 12.7 218.07 ± 1.3
Vicia f. 188.41 ± 7.01 198.02 ± 1.66 252.31 ± 20.8 254.75 ± 3.01 231.54 ± 7.42
Ascorbic acid 136.84 ± 3.52 179.39 ± 1.4 161.34 ± 1.44 274.24 ± 2.44 280.68 ± 0.44
Trolox 134.84 ± 16.2 118.79 ± 12.2 155.47 ± 5.4 388.86 ± 5.32 288.97 ± 2.66
Quercetin 142.58 ± 2.83 165.79 ± 6.92 175.0 ± 0.42 476.55 ± 14.9 494.6 ± 13.3
aData are means ± SD. Concentrations of local Mediterranean plant food extracts are expressed as moles of gallic acid
equivalents.

FIG. 1. HOCl scavenging activity (oxyhemoglobin bleaching test) of
local Mediterranean plant food extracts in comparison with Trolox.
Concentrations of the extracts are moles of gallic acid equivalents. Data
are means ± SD.

 



vegetables and fruits (11,34). Pertinent to our study, a vitamin
C-free, polyphenol-rich extract from Rosa canina shows high
HOCl scavenging activity in cell-free and cell-based systems
(35).

The direct in vitro DPPH and HOCl scavenging activities
and the total antioxidant potential of Agaricus campestris, Cy-
nara cardunculus, Thymus pulegioides, and Vicia faba extracts
showed a moderate to high antioxidant power in all tests,
though in variant order. Published data for comparison, how-
ever, are scarce for most extracts. Valentao et al. (36) reported
that a lyophilized infusion of Cynara cardunculus, at a con-
centration of 0.25 mg/mL, scavenged HOCl less than 5%. Sur-
prisingly, no concentration-dependent effect on the prevention
of HOCl-mediated TNB to DTNB (5-thio-2nitrobenzoic acid
to 5,5′-dithiobis[2-nitrobenzoic acid]) conversion was found
in the range of 0–1 mg of extract/mL. These latter findings are
in contrast with our observations. The superoxide radical- and
hydroxyl radical-scavenging activity, however, was shown to
be concentration-dependent and in agreement with our data.
Likewise, extracts from a different artichoke source, Cynara
scolymus, potently removed the DPPH and 2.2′-azinobis(3-eth-
ylbenzthiazoline-6-sulfonic acid) radicals (37,38). In another
study, LDL oxidation was inhibited by various oils obtained
from different thyme species. Among such oils, that of wild
thyme displayed the highest activity toward LDL oxidation.
Furthermore, it has been demonstrated that thymol and car-
vacrol effectively prevented lipid peroxidation, whereas rather
high concentrations of the two compounds were required to sig-
nificantly scavenge DPPH (39). From the aerial parts of differ-
ent thyme species, polyphenols such as apigenin, naringenin,
and luteolin have been identified (40), and this also applies to

Lipids, Vol. 39, no. 12 (2004)

FIG. 2. Tryptophan (A) and lysine (B) loss after incubation of human low
density lipoprotein (LDL) samples with hypochlorous acid (HOCl), in
the presence or absence of local Mediterranean plant food extracts and
standard antioxidants. Concentrations of the extracts are moles of gallic
acid equivalents. Data are means ± SD.

FIG. 3. Effect of local Mediterranean plant food extracts on hypochlor-
ous acid (HOCl)-induced changes in relative electrophoretic mobility
(REM) of human low density lipoprotein (LDL) in comparison with stan-
dard antioxidants. Concentrations of the extracts are moles of gallic acid
equivalents. Data are means ± SD. *P < 0.05 vs. LDL oxidized with 100
µM HOCl.
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our extract (13). Some of these compounds were shown to effec-
tively scavenge a variety of radicals (41,42) and might thus con-
tribute to the observed antioxidant effects of Thymus pulegioides
in the present study. Similarly, polyphenolic proanthocyanidins,
which are known to possess high antioxidant activity, were iso-
lated from the colored seed coats of Vicia faba (43,44). Whereas
phenolic compounds were found to be low in the Agaricus
species, such mushrooms contain moderately high amounts of
vitamins such as riboflavin, niacin, and folates (45). Folic acid is
known to act as a free radical scavenger and can be chlorinated
by HOCl. Hence, it has been speculated that folate might protect
cells from oxidative damage at sites of inflammation (46). 

The polyphenolic content of fresh plant foods or plant ex-
tracts has often been utilized as an indicator for their antioxidant
power (47). The data obtained in the Cu2+-reducing and HOCl-
scavenging assays, however, indicate that the polyphenol
content is not always an accurate predictor of an extract’s antiox-
idant capacity. In our particular case, an ethanol-based extraction
process has been used to obtain the plant extracts. During this
procedure, not only molecules of interest, that is, lipid-soluble
vitamins and polyphenols, but also a variety of other lipophilic
compounds, for example, fatty acids, are extracted. The latter are
known to participate in the scavenging of HOCl and the redox
reaction of Cu2+ (48,49), thus providing one possible explana-
tion for the observed mismatch between polyphenol content and
antioxidant activity.

At the molecular level, and relevant to CHD, it is notewor-
thy that the major targets of the MPO/H2O2/Cl– system are the
proteic components of LDL (6). The modification of protein

residues, such as methionine, tryptophan, or lysine, is a widely
used marker for monitoring HOCl toxicity (6). Our own data
show a severe loss of lysine and tryptophan after the addition of
HOCl to LDL and are in accordance with previous reports (50,
51). All four extracts prevented HOCl-mediated protein modi-
fications, as was also confirmed by the observed maintenance
of relative electrophoretic mobility. In general, the extracts’
beneficial effect surpasses that of the reference antioxidants,
except for resveratrol and lipoic acid, with regard to lysine
protection. The Vicia fava extract showed the highest amino
acid protective activity despite a more than six-fold lower
polyphenol content compared with Cynara cardunculus and
Thymus pulegioides (449 and 435 mg/g of extract, respec-
tively).

The importance of MPO in cardiovascular disease has been
brought forward by several studies (10,52–55), even though its
precise role in human pathology has not been elucidated. How-
ever, inhibition of MPO is being considered as a potential thera-
peutic approach to inhibit HOCl production and, subsequently,
to prevent LDL oxidation (56). In our study, modulation of
MPO activity has been the subject of two assays leading to con-
trasting results. Whereas the addition of all four plant extracts
and antioxidants lead to a concentration-dependent inhibition of
human MPO-catalyzed guaiacol oxidation, no significant effect
on MPO activity of neutrophils was observed. Various reports
described an inhibitory effect of polyphenols on MPO activity.
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FIG. 4. Concentration-dependent inhibition of myeloperoxidase-cat-
alyzed guaiacol oxidation in the presence of local Mediterranean plant
food extracts. Concentrations of the extracts are moles of gallic acid
equivalents. Methodological details are given in the Materials and
Methods section. Data are means ± SD.

FIG. 5. Effect of local Mediterranean plant food extracts on myeloper-
oxidase activity of isolated human neutrophils in comparison to stan-
dard antioxidants. Concentrations of the extracts are moles of gallic acid
equivalents. Data are means ± SD.

 



Pincemail et al. (57) reported a concentration-dependent in-
hibitory effect of quercetin and rutin on purified human MPO
and suggested a competitive inhibition mechanism for quercetin.
Similarly, other flavonoids were identified as MPO substrates,
thus leading to an inhibition of MPO/nitrite-mediated LDL
oxidation (58). Also plant extracts, for example, prepared from
Hypericum perforatum and Rosa canina, were found to effec-
tively arrest MPO activity (35,59). Furthermore, Limasset et al.
(60) described that most of 34 tested flavonoids and related com-
pounds exhibited an inhibitory effect on the release of ROS by
stimulated human neutrophils. Likewise, oleuropein and hydrox-
ytyrosol have been reported to inhibit the respiratory burst of
human neutrophils in a concentration-dependent manner (61).
The lack of inhibition of MPO activity by challenged human
neutrophils, as opposed to the inhibitory effects observed in the
cell-free system, may be actually explained by the lack of cellu-
lar uptake of the extracts’ phenolic constituents.

MPO can also utilize nitrite, the oxidation product of nitric
oxide, as substrate to form RNS such as peroxynitrite or the
nitrogen dioxide radical, both of which have been shown to ni-
trate proteins both in vitro and in vivo (24). Nitration of protein
tyrosyl has been postulated to impair protein function (62). As
Cynara cardunculus and Thymus pulegioides have been previ-
ously shown to increase NO release by aortic endothelial cells
(13), the potential for increased 3-nitrotyrosine formation was
investigated. However, Western blot and immunocytochem-
istry experiments in BAEC ruled out this possibility and, con-
versely, showed an inhibitory effect of Cynara cardunculus and
Thymus pulegioides extracts toward the formation of 3-nitroty-
rosine.

It is noteworthy that populations in the Mediterranean basin
traditionally consume high amounts of wild greens, which
strongly contribute to the overall high daily intake of foods of
plant origin, a typical feature of the Mediterranean diet. The
amount of polyphenols present in wild greens often exceeds
that of food items such as red wine or black tea, which have
been hypothesized to exert biological effects (63). In the past,
wild greens have generally been considered minor dietary com-
ponents. Yet, their possible contribution to the prevention of
chronic diseases has been possibly overlooked and still needs
to be elucidated.

In conclusion, these data showing HOCl-scavenging properties
of some extracts from locally consumed wild plants increases
our knowledge of the mechanism(s) by which Mediterranean
diets exert their protective effects toward degenerative diseases.
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H2O2 50 mL for 1 h (b), incubated with H2O2 and supplemented with
Cynara cardunculus (c) or Thymus pulegioides (d) extracts 10−5 M.
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